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I.

EXECUTIVE SUMMARY
Workstation tables in commuter rail trains have been identified as an area for improving
passenger safety during train collisions. The goal of this senior project was to create such a
table using a composite sandwich structure designed to safely absorb energy. Testing of
previous table designs was used to establish engineering specifications for the static
loading, work surface durability, and impact performance requirements of the new table.
Analytical and finite element models were used to analyze new concepts until a design was
achieved that could meet all specifications. The tabletop developed consists of a crushable
aluminum honeycomb core with fiberglass laminates on top and bottom. This sandwich
structure uses a combination of E‐glass cloth and S‐glass unidirectional tape in a unique
layup that lowers impact forces inflicted on the passenger while maintaining overall table
strength during normal loading conditions. Four tables were built during the senior project.
These tables were fabricated using a combination of fiberglass layup, metal working,
welding, and adhesive bonding. Using these tables, four validation tests were conducted to
evaluate the performance of the new design: work surface indent testing, vertical and
horizontal static loading, quasi‐static crush testing, and dynamic impact testing. The results
of these tests showed that the new table met all of the engineering specifications outlined at
the beginning of the project. The work surface was stronger than expected, showing
deformation at a load of 175lbs; well above the requirement of 65lbs or more. The table
easily withstood the 225lb vertical and 337lb horizontal static loading requirements at all
critical locations. Quasi‐static testing showed that a 1500‐2000lb edge load is needed to
initiate crushing of the table. Although the desired goal of 800‐1000lb was not achieved, the
facesheets did begin buckling in the unbounded sections as designed at about 1000lbs; only
100lbs from the 900lb buckling load predicted by FEA. Unfortunately, the tables continue to
support load after initial buckling up to the witnessed 1500‐2000lbs. In dynamic impact
testing, the table produced some of the lowest peak acceleration levels of any design to date.
The peak acceleration levels recorded were 14g and 20g for the two impacting masses; well
below the specification of 30g for any time period over 3ms. The tabletop structure also
crushed evenly and the facesheets remained bonded and contained under the aluminum
edging. The overall metal structure of the table also held its form, suggesting that the
passenger would remain safe during such an impact. The new table costs about $475 and
weighs 37lbs.
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II.

INTRODUCTION
In an effort to reduce the likelihood of injury or death during commuter rail train collisions,
the SCRRA (Southern California Railroad Association) has identified workstation tables as
an area for improving occupant safety. Concern for improving the functionality of these
tables arose when a train collision occurred on April 23, 2002, in Placentia, CA. It was
determined that occupants who were seated at workstation tables sustained the highest
level of injury. Of the 161 passengers, the two occupants who were fatally injured were
seated at these tables. Other occupants also seated facing workstation tables, while not
suffering fatal injuries, did endure significant bodily harm due to the current design of the
table. These injuries included broken ribs, internal lacerations of organs in the abdominal
area, and facial injuries [1].
According to Volpe National Transportation Systems there are three criteria that must be
met to protect a passenger during a collision. First, the occupant’s volume must be
maintained, meaning that the train structure around him or her does not collapse. Second,
the occupant must be compartmentalized; meaning the movement of the passenger is
limited by surrounding safety structures. Lastly, the accelerations and loads imparted on
the passenger during impact must be below allowable levels to prevent injury.

Figure 1: Current workstation table installed in a commuter railcar with facing seats. [2]

In the fall of 2008, a senior project group at Cal Poly, with sponsorship from SCRRA and
technical support from LTK Engineering Services, undertook the design of an improved
workstation table for meeting the requirements outlined above. The table was to
compartmentalize the passenger while absorbing crash energy properly during a collision,
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and function as a durable work surface in a normal railcar setting. The resulting design
proved adequate in meeting the static loading and impact acceleration requirements
outlined by Volpe. However, further testing was needed to fully quantify the table’s
performance, including quasi‐static crush testing and work surface qualification. There
were also several areas for improvement in the table, including lowering the initial loads
imparted on the occupants, limiting the deflection of the table during a crash, developing a
more robust table edge, and optimizing the facesheet material to perform adequately in a
railcar environment.

III.

BACKGROUND
Several years ago, in an attempt to develop a safer workstation table, Volpe National
Transportation Systems and the Federal Railroad Administration (FRA) conducted impact
research to determine the relationship between the collision environment in a railcar and
the injury sustained by involved passengers. Volpe’s report “Evaluating Abdominal Energy
in Workstation Table Impact [2],” connected these injury criteria to severe damage or death
during such a collision using the current workstation tables.
Crash simulations were then modeled by Volpe using anthropomorphic devices (ATDs) to
measure chest acceleration and abdominal compression, in an effort to determine the
limiting values needed to reduce the risk of fatality. A full scale impact test took place on
March 23, 2006, using two ATDs, to determine these risk parameters as experienced in the
first coach car of a commuter rail train during a collision. It was determined that the impact
could be modeled as an 8g, 250ms triangular pulse.
Volpe developed an improved workstation table design and tested it in train‐to‐train
collisions to determine if it was effective as a crash energy management (CEM) device for
protecting passengers and lowering the forces imparted on them during a collision. The
table was rather successful in testing, yet needed much refinement as discussed in Volpe’s
report, “Train‐to‐Train Impact Test of Crash Energy Management Passenger Rail
Equipment: Occupant Experiments [3].”
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Figure 2: View of an ATD sitting at Volpe's experimental CEM table before a train‐to‐train impact
test. [3]

Shortly after testing, Volpe released the draft document “Design Standard for Workstation
Tables in Rail Passenger Vehicles [4],” outlining the standards such as dimensions, loading
requirements, testing procedures, and flame and smoke requirements that should be met by
a new workstation CEM table design.
A new table concept was developed by the Cal Poly senior project team in the fall of 2008,
and several prototypes were tested the following winter. The tables featured foam or
aluminum honeycomb cores to absorb energy, with aluminum or fiberglass facesheets to
provide table stiffness and an adequate work surface. Although many of the tables met the
static loading requirements and target acceleration levels, there were several issues the
team felt needed improvement as discussed in their final report “Improved Commuter Rail
Workstation Table [5].” These improvements included:
•

Lowering the initial spike in acceleration experienced by the impact mass during
dynamic testing.

•

Stiffening the table structure in the horizontal direction to limit deflection toward
opposite passengers.

•

Optimizing the facesheet material to perform as an adequate work surface in a
railcar environment.

•

Developing a robust and aesthetic edge concept to facilitate crush.
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Figure 3: Exploded view solid model of the Cal Poly CEM workstation table design. Prototypes
featured fiberglass or aluminum facesheets and cores of aluminum honeycomb or foam [5].

In addition to these design goals, LTK Engineering Services expressed the need for quasi‐
static testing of the Cal Poly prototypes in accordance with Volpe’s “Design Standard for
Workstation Tables in Rail Passenger Vehicles [4],” as well as the development of a work
surface specification to adequately qualify the facesheet performance.
With funding from SCRRA, the redesign and further testing of the Cal Poly CEM prototypes
began over the summer of 2009 by Professor Joseph Mello and current senior project team
member Trevor Ness. Quasi‐static testing was performed on all the existing Cal Poly
prototypes, as well as a CEM design by Ultimate NA, to gather energy absorption data and
determine if the modes of failure were similar to those witnessed in the dynamic tests
performed by the senior project group. However, only acceleration vs. time was captured
during the dynamic tests, so a Matlab script was developed to generate various plots from
the impact events, including force vs. displacement, to compare with the quasi‐static tests.
This Matlab code input the impact acceleration data and used Newton’s 2nd law to calculate
the force on the impact mass. It then performed two numerical integrations of the
acceleration to find displacement and used force and displacement to find the energy
absorbed by the table.
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Figure 4: Quasi‐static testing of the aluminum honeycomb core, fiberglass facesheet Cal Poly table
using the Instron tensile tester in the Cal Poly Composites Lab.

A specification for the work surface of new CEM table designs was also needed to ensure
that prototypes could provide an adequate surface for use in a railcar environment. Work
surface impact and indent specifications were created by testing the existing Ultimate NA
table design, which was considered to be an adequate work surface, under modified
versions of existing ASTM test methods. The work surface impact testing was based on
ASTM 1709‐08 using a 0.222in radius indenter dropped from increasing heights until
permanent deformation was observed. The work surface indent tests consisted of finding
the indent load required to create noticeable deformation and determining the hardness
modulus based on full penetration of the indenter. These tests were based on ASTM D1037‐
06a using the same indenter geometry. Once quasi‐static and work surface testing was
completed on all the existing designs, a new list of specifications for the new CEM table
prototype was established.
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Figure 5: Work surface indent testing of the Ultimate NA table using a 0.222in radius aluminum
ball indenter based on ASTM D1037‐06.

IV.

OBJECTIVES
The overall objective of this project was to continue the redesign of a workstation CEM table
concept developed by the Cal Poly senior project team in order to improve the impact
performance of the table while ensuring, above all, that the static loading and work surface
requirements were met. This new table was designed, built, and tested to ensure that it
could provide superior impact performance while maintaining the durability and
functionality of an effective workstation table. To be considered successful, the new table
should:
•

Meet all static loading requirements.

•

Meet work surface specifications determined by existing table designs.

•

Meet overall size and weight constraints.

•

Successfully maintain its overall structure during a crash and compartmentalize the
impacting passenger.

•

Absorb impact energy during a crash safely by keeping acceleration levels within
allowable limits.
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In addition, we also wanted to meet the following requirements:
•

Lower the initial spikes in force experienced by the passenger on the Cal Poly
prototype tables.

•

Lower the horizontal deflection of the Cal Poly tables by increasing stiffness in this
direction.

•

Develop a functional edge concept to help initiate crushing of the table and
delamination of the facesheets.

•

Pass smoke emission and fire safety standards.

•

Improve the overall fit and finish of the table.

The relative importance of these objectives and the relationship between them was
analyzed through Quality Function Deployment (QFD) and can be viewed in Appendix A.
The rows on the right of the “House of Quality” represent the overall characteristics of the
table that are important to its design, while the columns in the middle provide specific
functional requirements that must be met. The relationship between the functional
requirements and the overall characteristics are weighed, as well as the correlations
between the different functional requirements themselves. Target values for each
requirement were derived mostly from reports put out by Volpe as a result of their research
and testing of CEM table concepts. The cost and weight requirements were previously
established by LTK Engineering Services during the previous senior project, while the work
surface specifications were developed through the testing at Cal Poly discussed earlier.
After comparing each requirement to the overall goals, the bottom row displays the relative
importance of each, and we were able to determine which requirements are critical to the
design. As initially suggested, static loading requirements are the most important
specifications, while work surface and proper chest deceleration are also top priorities. A
full list of engineering specifications for the new CEM table design is shown in the chart that
follows.
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Table 1: List of engineering specifications for the new workstation CEM table design.
Spec. #

Parameter Description

Requirement or
Target

Tolerance

Risk*

Compliance*

1

Static Vertical Load (5”x5”)

225lbs

Min

M

A,T

2

Static Horizontal Load
(8”x3.5”)

337lbs

Min

H

A,T

3

Average Force of Impact

2200lbs

Max

H

A,T

4

Force to Initiate Crush

750lbs

Min

M

A,T

5

Impact Injury Specification

See Table 2

N/A

H

A,T,S

6

Dimensions

See Figure 5

±0.5 in

L

T,S,I

7

Weight

80lbs

Max

L

A,T

8

Cost

$1000

Max

L

A

9

Flammability and Smoke
Standards

49 CRF Part 238.103

N/A

M

A,I

Work Surface Impact

Little or no
deformation at
impact energy of
8.0in‐lb

Min

M

A,T,I

11

Work Surface Indent

Little or no
deformation at
65lbs

Min

M

A,T,I

12

Work Surface Hardness
Modulus

1500lb/in

Min

M

A,T

13

Recessed Fasteners

All

N/A

L

I

10

* H‐ High, M‐ Medium, L‐ Low, A‐ Analysis, T‐ Testing, S‐ Similarity to existing design, I‐
Inspection

‐16‐

Table 2: Impact injury specifications.
Industry/Federal Standards

Requirements or
Targets

Tolerance

Risk

Compliance

Chest Deceleration

30g’s over 3ms

Max

H

A,T

Abdominal Compression

2.75in

Max

H

N/A*

Chest Compression

2.36in

Max

H

N/A*

Chest Viscous Criterion

2.62ft/s

Max

H

N/A*

4.10ft/s

Max

H

N/A*

Head Injury Criterion 15

700

Max

L

N/A*

Neck Injury Criterion

1.0

Max

M

N/A*

Upper Abdominal Criterion

*These specifications could not be tested or accounted for within the scope this project.

Dimension

Minimum
(in)

Maximum
(in)

Depth

16.0

20.0

Width

34.0

40.0

Thickness

2.0

4.0

Edge Radius

0.1875

0.5

Height to Bottom

29.0

32.0

Figure 6: Schematic of a typical workstation table seating geometry with maximum and minimum
dimensions shown in the chart.
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V.

DESIGN DEVELOPMENT
After testing and analysis of several previous table designs, and with a new set of
specifications to meet, design of the new CEM table began. A few important decisions were
made immediately based on results from background testing and analysis. Fiberglass was
chosen over aluminum for the facesheet material due to its resiliency in the work surface
indent and impact tests. It was also chosen because of its reduced risk to injure passengers
during the crash by cutting or impaling them as the skins peel away. Aluminum skins
seemed to have a high risk of inflicting this type of damage. Another negative characteristic
of the aluminum skin was the stiffness in the direction of impact. This higher stiffness lead
to large initial spikes in acceleration when the table was tested previously.
The central spine from the previous senior project design was kept to maintain the table’s
overall strength, but aluminum was used instead of steel to decrease weight. Aluminum
honeycomb was chosen for the core material because of its strength for static loading, while
still providing good crushing characteristics in impact. A three inch thick core, instead of a
two inch core, was chosen to increase the table’s vertical stiffness and to help distribute the
load over the passenger’s abdomen during an impact.
With these intial decisions, several analytical models were created to examine various
performance characteristics of the new table. A work surface indent model was created in
Matlab based on Winkler beam (beam on an elastic foundation) theory [6] to predict the
deformation of the facesheet under load when adhered to the core material. A copy of the
script file is included in Appendix B. An edge stiffness model was also created in Matlab to
predict the buckling load necessary to initiate crushing of the table under an applied edge
load. This model considered the core and facesheets springs in parallel and calculated the
net load needed to buckle both facesheets based on the amount of unbonded area between
the facesheets and core. This unbond concept is used to help faciliate crushing of the table
by bonding the skins to the core in intermittent strips, leaving sections unbonded where the
skins have an area to buckle easily when loaded from the side. A copy of the edge stiffness
Matlab script is provided in Appendix C.
Finally, a basic finite element model was created to analyze the static loading of the table in
order to compare the horizontal and vertical stiffnesses between designs. All of these
models relied on backfitting of existing test data to establish accurate predictions.
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Figure 7: Screenshot from the ABAQUS finite element model of a contour plot of the vertical
displacement of the table under a 350lb vertical corner load.

These analytical tools were used to guide the design iterations of the new Cal Poly CEM
table. Several fiberglass layup options were evaluated in the work surface indent model to
help choose a facesheet that was durable and could pass the specifications. These options
were also tested in the edge stiffness model to see how the initial buckling load was
affected. The static finite element model was then used to compare the stiffnesses of all the
design options and compare them to eachother and to the existing designs. Using these
models, sizes for the pedestal and spine were chosen, as well as a several possible layup
options and the facesheet‐to‐core unbond width.

Design Process
A prospective design for all parts of the table except the fiberglass sandwich structure and
the edge were identified based on the efforts discussed so far. Most of the work took place
over the summer before the senior project officially began. However, with more funding
from Ultimate NA, and the new senior project timeline, the development of the CEM table
continued. Once the new design was completed, several tables were built for full scale
testing. These tests included work surface testing, static load testing, quasi‐static testing,
and dynamic testing; all of which have established procedures by the previous senior
project group and the work done over summer. Post‐processing of the test data let us
assess our design and draw conclusions for any needed revisions. However, through
‐19‐

extensive modeling and testing at the sub‐scale level we hoped to achieve a proven CEM
table concept after full scale testing without the need for a redesign. A simple flowchart of
the implemented design process is shown in the figure below.

Subscale
Testing
Current
Design

Full Scale
Build

Full Scale
Test

Test
Analysis

Final
Design

Analytical
Modeling
Redesign
Redesign

Figure 8: Flow chart of the design process used for the development of the new CEM tables.

Core Structure Design
Most of the senior project design effort for the new CEM table was focused on the fiberglass‐
honeycomb core sandwich structure. The first step was testing several of the materials used
in the layup for accurate properties. These materials included E‐glass cloth and S‐glass
unidirectional fiberglass with vinylester resin and the flame retardant additive alumina
trihydrate (ATH) used to meet fire safety standards. A picture of the E‐glass cloth being
tensile tested is shown on the following page.
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Figure 9: E‐glass cloth tensile specimen just after fracture in the Instron testing machine. A strain
gage was used to determine the modulus of elasticity in the fiber direction.

The new aluminum honeycomb core was also tested for its modulus of elasticity and crush
characteristics in each direction. The properties determined in these tests were input into
the existing models to give us more accurate predictions for the new design. Two new finite
element models were also created to analyze the work surface indent and edge buckling
characteristics of the sandwich structure. These models were created using the fiberglass
properties determined from the tests. The indent FE model features a three inch cube of
honeycomb core with a fiberglass laminate bonded to the top side where loading takes
place. The buckling model consists of a full sandwich structure, with core in the middle and
laminates on top and bottom, and two sections of bond on each side with an unbonded
section between. Both models use rigid tools that apply the loads to the table to simulate the
actual work surface and quasi‐static loading tests. Accuracy of the models was evaluated by
comparing them to the existing Matlab models and previous tests. The deformations of the
surface predicted by the indent FE model did match the Matlab model and previous tests
well. The edge buckling load predicted by the FE model also agreed with the calculations
done in Matlab and the quasi‐static test results for the Ultimate NA table. A table comparing
these FEA results to the analytical calculations and testing for the previous Cal Poly
fiberglass table and the Ultimate NA table are shown in Table 3. Screen shots from the work
surface indent and edge buckling finite element models are shown in Figures 10 and 11.
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Table 3: Comparison of the analytical calculations and previous testing results to the indent and
edge buckling FEA results.

Table

Fiberglass Cal
Poly Table

Aluminum
Ultimate Table

Method

Indent Depth
(in)

% Difference

Buckling
Load (lb)

% Difference

Matlab
Calculations

0.027

‐

1045

‐

FEA

0.029

7.41

915

‐12.44

Testing

0.031

‐

1400

‐

FEA

0.029

‐6.45

1368

‐2.29

Figure 10: Screenshot from the new ABAQUS finite element model of the table core structure
showing the displacement of the work surface under a 65lb indent load using a rigid tool.
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Figure 11: Screenshot from the new ABAQUS finite element model of the table core structure
showing buckling of the table facesheets when loaded on the edge by a rigid indenter.

Refer to the report “Finite Element Analysis of an Improved Railcar Workstation Table for
Absorbing Passenger Impact,” in Appendix D for more information on how the FEA models
were created and discussion on the results.
Once the models were running and confirmed to be reasonably accurate, new layup options
were tried until one was identified that performed well in indent, edge buckling, and static
loading. The edge buckling model was also used to choose the width of the unbonded
section between the facesheet and core to aid in the initial crushing of the table.

Edge Concepts
In order to decrease the force imparted on a passenger during an impact, the table design
should fail at a specified force which is slightly above the static load requirements for
horizontal loading but below a level determined to cause significant abdominal injury
during a crash. To help facilitate the energy absorbing capability of the honeycomb core, we
considered edge concepts that would help to initiate a break in the bond between the face
sheets and the core of the table. The goal of the design was to prevent the facesheets from
acting as a stiffening mechanism when bonded to the core.
In the first concept, a wedge would be placed between the protective rubber edge of the
table and the core. When the force from the passenger acts on the edge of the table it would
force the wedge between the face sheets and the core. The next proposed edge concept is to
mount a spring clip on an aluminum bar and place it along the passenger side edge of the
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table. When a pressure is applied to the bar, the spring clip would expand and apply a force
to the undersides of the facesheets where they contact the core. A material with a known
crush force would need to be placed between the clip and the core to prevent an unwanted
delamination of the facesheet under static loading conditions. The third concept is a three
piece wedge that would have a bond breaking mechanism similar to the spring clip concept.
The pieces of the wedge would be bonded with an adhesive designed to break when the
force from the occupant produces a shear stress that the adhesive cannot support. The main
wedge would then cause the other two wedges to apply a force to the facesheets. Sketches
of each of the preceding concepts are included in Appendix E.
Modeling what actually happens in a crash event is a difficult problem, and evaluating and
implementing a complex edge concept was considered unnecessary if the core structure
performed as designed. Therefore, these edge concepts were only to be investigated more
thoroughly if the layup and sandwich structure combination we chose did not result in an
acceptable buckling load.

Final Table Design
After characterization of the table using all the analytical and finite element models
discussed, a design was established for the new CEM table which is shown below. Drawings
of the table assembly and each component are included in Appendix F.

Figure 12: Solid model of the current table design.

The table surface is composed of aluminum honeycomb core with fiberglass skins on top
and bottom to create the sandwich structure. A central aluminum spine runs down the
length of the table and is welded to a backplate where the table is attached to the railcar
wall with fasteners. A steel pedestal connects to the spine and extends to the railcar floor
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where it is secured with fasteners. Neoprene rubber edging is used around the perimeter of
the tabletop to help soften initial impacts while providing an aesthetic, robust edge for
normal use. Behind the neoprene edge is a thin alumuminum end‐cap which runs along the
perimeter of the table to capture the fiberglass laminates. This U‐shaped aluminum cap
prevents the laminate edges from becoming exposed and inflicting harm to a passenger
during contact with the table. A layer of Tedlar protective covering is also placed over the
top laminate to improve the look of the table surface and to protect the laminate from wear
or liquid spills during use. The flexible Tedlar covering also helps to contain the fiberglass
and resin should the laminates crack or break during an impact. A more detailed list of the
table componets are outlined below:
•

The spine is a 3in by 2in by 0.25in wall thickness aluminum 6061‐T6 rectangular
tube welded to a 0.375in 6061‐T6 backplate for wall connection. Heat treating is
used for the spine assembly to regain its strength after welding.

•

The pedestal is a 1.75in OD, 0.120in wall 1020 steel tube. Connections at the spine
and floor remain the same as previous designs based on the railcar geometry.

•

The aluminum honeycomb core is ¼‐5052‐.003‐6.0pcf, with the W cell direction
oriented toward the passengers. A data sheet for the honeycomb is included in
Appendix G.

•

The fiberglass facesheets have [±45,02,±45] layups with the 0° plies oriented along
the width of the table. The ±45’s are made from E‐glass cloth; the 0° plies use S‐glass
unidirectional tape.

•

The resin used in the fiberglass layup is a vinyl ester. Alumina trihydrate (ATH) is
included in the resin in a 1:4 ATH‐to‐resin weight ratio to meet fire and smoke
safety standards. A data sheet for the resin is included in Appendix G.

•

The adhesive for bonding the skins to the core is JD Lincoln L‐303 film adhesive. A
data sheet for the adhesive is included in Appendix G.

•

The edge is made of two parts. The aluminum end‐cap is 4in wide, 0.025in thick
6061 bent in a U‐shape. The rubber is extra soft, custom extruded neoprene with a
50 shore‐A durometer. Both edges are adhered to the tabletop using an acrylic
adhesive from 3M. A data sheet for the adhesive is included in Appendix G.

•

All fasteners are 5/16‐18 cap screws.
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The unbonded skin area perpendicular to the passenger’s likely trajectory is 2.25in wide in
order to lower the edge load needed to buckle the facesheets during an impact. However,
only one unbonded section us used toward the outer edge of the table. It was determined
that including intermittent bonding across the entire table width, much like the Ultimate NA
table has, would result in buckling of the bottom facesheet near the spine during the vertical
static loading test. This analysis is included in Appendix H. However, the use of only one
unbonded section on the outer edge does not reduce the unbond effectiveness in lowering
the initial passenger impact loads. Using only one unbond section does not change the load
needed to initiate buckling of the laminate and since the crush depth observed in most of
the previous impact tests was about four inches or less, this outer unbonded section was
predicted to be very effective. A schematic of the bonding geometry is shown below.
Bond

Unbond

2.25in 1.50in

Figure 13: Schematic of the bonding geometry between the honeycomb core and fiberglass
facesheets.

Analytical Predictions
Some performance characteristics predicted by the analytical models for this new design
are as follows:
•

The vertical deflection due to the vertical static load applied at the far corner is
0.044in. This is 1.6 times stiffer in this direction than the aluminum honeycomb,
fiberglass facesheet Cal Poly table from the previous senior project.
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VI.

•

The aluminum spine is over 100 times stronger in the vertical direction at the
backplate connection than the previous senior project design was, if the aluminum is
heat treated.

•

The horizontal deflection due to the horizontal static load applied at the far corner,
passenger side is 0.145in. This is 4.7 times stiffer in this direction than the previous
honeycomb, fiberglass Cal Poly senior project table.

•

The aluminum spine is 14 times stronger in the horizontal direction at the backplate
connection than the previous senior project design was, if the aluminum is heat
treated.

•

The aluminum backplate is about 4 times stronger than the steel backplate used on
the previous Cal Poly tables.

•

An edge load of about 900lbs is needed to initiate buckling on this design with a 2.25in
unbond length. This is about 500lbs less than the load required to initiate buckling on
Ultimate NA’s table design.

•

A work surface indent load of 65lbs creates a 0.029in indent. The Ultimate table had a
0.030in indent at this load.

•

The weight of the new table should be about 31.5lbs. The previous honeycomb,
fiberglass Cal Poly table was 38lbs, resulting in a 6.5lb weight loss.

COST
The spreadsheet shown in Table 4, on the next page, is a cost breakdown of the new CEM
table design based on the bill of materials. The spreadsheet includes the stock sizes of each
component available for purchase, their cost, the supplier, how much is needed for a single
table, and the total cost of each table. An estimate for the cost of extra materials and
services such as infusion supplies (sealant tape, vacuum bag, vacuum tubing, flow media,
release peel ply), strain gauges for testing, data acquisition supplies, heat treating, rubber
extrusion, and mistakes during manufacturing is also included to determine the overall cost
of the senior project.
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Table 4: Cost breakdown of the proposed CEM table design and total project expenditures.
Component

Stock Size
Available

Stock
Cost

Supplier

Amount Needed
for One Table

Cost Per
Table

Vinylester Resin

1 gallon

$62.50

TAP Plastics

1 gallon

$62.50

Resin MEKP Catalyst

2 ounces

$3.40

TAP Plastics

2 ounces

$3.40

4oz. S‐glass Tape

Per Yard

$3.85

CST Sales

5 yards

$20.00

6oz. E ‐glass Cloth

Per Yard

$8.35

CST Sales

5 yards

$41.75

6061‐T6 Aluminum Spine

3"x2"x.25"x6'

$30.00

Metals Depot

40 inches

$30.00

6061‐T6 Aluminum Wall
Backplate

.375"x4"X6'

$50.00

McMaster Carr

20 inches

$16.67

6061 Aluminum Spine
Plate @ Pedestal

.1875"x2"x36"

$9.43

McMaster Carr

4 inches

$1.00

1020 Steel Pedestal

1.75"O.D.x.120"x6'

$50.00

Metals Depot

28 inches

$20.00

1018 Steel Pedestal Plate
@ Spine

.1875"x2"x18"

$5.04

SpeedyMetals

4 inches

$1.00

1018 Steel Pedestal Plate
@ Floor

.375"x5"x24"

$13.97

SpeedyMetals

5 inches

$3.50

Neoprene Rubber Edging

.5"x4"x25'

$40.00

S&H Rubber

80 inches

$16.67

6061 Aluminum Edging

.025”x4”x48”

$16.77

McMaster Carr

96 inches

$33.54

5052 Aluminum
Honeycomb Core

PAMG‐6.0‐1/4‐.003
3"x48"x96"

$820.00

Plascore

720 sq. inches

$200.00

Tedlar Protective
Covering

Per Yard

Donated

DuPont

800 sq. inches

‐

DP805 Acrylic Adhesive

12 Pack of 1.6 fl oz
cartridges

$231.76

3M

1 cartridge

$19.31

L‐303 Film Adhesive

Per Yard

Donated

JD Lincoln

1600 sq. inches

‐

5/16‐18 Flat Head Cap
Screws

Pack of 25

$7.35

McMaster Carr

7

$2.06

5/16‐18 Button Head Cap
Screws

Pack of 50

$9.92

McMaster Carr

4

$0.80

Total Per Table

$472.20

4 tables

$1,888.80

Extra supplies

$1300.00

Total Project Cost

$3,188.80
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MANUFACTURING
Four full‐scale CEM prototype tables were manufactured during the senior project. Two of
these tables were used for testing the design, one was shipped to an affiliate of LTK
Engineering Services, and one was kept at Cal Poly for show. A combination of
metalworking, welding, composite layup, gluing, fastening, and other processes were
needed to make the tables. The following sections outline the manufacturing processes used
during fabrication.

Fiberglass Laminates
There were two methods considered in which the fiberglass facesheets could have been
manufactured to produced a smooth work surface. The first method considered was hand
lay‐up with vacuum bag. This process involves applying resin to the fiberglass layup using
paint brushes, sealing the part in a bag, and applying a vacuum to squeeze the excess resin
from the layup into an absorbing material. Problems inherant with this method include
inconsistant resin quantity applied to the lay‐up and the time limitations to fully coat the
fibers and get the part into the vacuum bag. Also, hand application of the resin does not
allow much, if any, time for fiber orientation adjustments. The second method considered
was vacuum infusion. In this process, dry fibers are placed in a sealed bag in their desired
orientation. A vacuum is applied to the bag, and from another coupling opposite the point of
vacuum application, resin is allowed to enter the bag under the action of the vacuum. The
benefit to this option is unlimited time to adjust fiber orientations and the ability to infuse
large parts with consistent fiber to resin volume ratios. The most important aspect that the
vacuum infusion method provides is the consistent properties of the part produced.
Vacuum infusion does have some problems, such as not being able to correct any errors
once the infusion process has begun. Although both methods have their drawbacks, vacuum
infusion was chosen due to the consistency of directional properties that can be achieved
once a successful procedure has been developed [6]; this is very important in the modeling
aspect of our project.
To become familiar with the vacuum resin infusion process, several small laminates were
laid up using the method to practice the technique and to create small coupons for work
surface testing. The full‐scale fiberglass laminates were then manufactured using these
same techniques. The layup starts with a 24in by 48in aluminum plate to provide a sturdy,
flat base. Vacuum bag is placed over the metal to protect it from the resin. A layer of release
peel ply is then put down, followed by the E‐glass and S‐glass plies in their correct
orientations. Next, another layer of release peel ply is put on top, followed by a layer of
interwoven flow media for assisting the resin flow during infusion. Spiral wrap is used
along the edges of the laminate where resin will enter the layup from a tub and then leave
under vacuum pressure. A final layer of vacuum bag is placed over the entire layup and
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sealed with sealant tape. A resin trap is placed between the vacuum pump and the exit of
the layup to collect resin leaving the layup and to enure that no air is left trapped in the
layup. Just before infusion, alumina trihydrate (ATH) is added to the resin in a 1:4 ATH‐to‐
resin weight relationship. The addition of ATH helps the laminates meet smoke and fire
safety standards should the layup be exposed to fire in a railcar environment. MEKP catalyst
is then added and the resin is sufficiently mixed and then pumped into the layup. Two
pictures of the identical laminates for one table are shown below: one of the layups prior to
pumping resin in and one after the laminates were cured and removed from the layups.

Figure 14: Pictures of the vacuum resin infusion layups and the pair of fiberglass laminates after
curing.

A plywood template, slightly larger than the final tabletop laminate, was made to aid in the
cutting of the S‐glass fiber and E‐glass cloth. Following the infusion, a post‐curing process
was needed for the laminates after the resin had intially set at room temperature. This post
curing process was outlined by the vinylester resin’s data sheet which is included in
Appendix G. For post‐curing, the laminates were placed in the large oven in the Composites
Lab for two hours at 150°F, taken out, and then placed in again at 250°F for two more
hours.

Metal Components
The metal components of the table, including the spine, backplate, and pedestal were
manufactured using standard metalworking techniques. Some of the connections have
precise hole locations and complex geometry to accommodate fasteners, and these were
created using CNC machining at the Mustang ’60 student machine shop. Specifically, the
circular pedestal mounting plate at the floor and the rectangular pedestal mounting plate
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that connects at the spine were CNC machined. The pedestal assemblies were TIG welded
and then sand blasted and painted to improve their look and to prevent them from rusting.

Figure 15: Completed pedestal after welding, sand blasting, and painting. The mounting plates on
each end were made using the CNC mill in the Mustang '60 machine shop.

The 6061‐T6 aluminum spine assemblies were TIG welded together. Because welding
aluminum significantly reduces its strength, two of the spine assemblies were shipped out
for post heat‐treating to ensure that the spine‐to‐backplate connection was strong enough.
The spines in the table used for dynamic testing and the table shipped to LTK’s affiliate
were heat treated. The tables used for static load testing and show at Cal Poly did not need
the superior strength and were not heat treated.

Integration and Assembly
Integration of the metal, composite, and rubber table components required the use of
adhesives and metal fasteners. The aluminum honeycomb cores were first adhered to the
spine assemblies using Resinlab EP1200 two‐part epoxy. The data sheet for this epoxy is
included in Appendix G. Proper clamping of the parts being adhered is critical to ensuring
an adequate bond, so large wood clamps and metal plates used as weights helped to serve
this function. A picture of a honeycomb core pair being bonded to a spine assembly is
shown in Figure 16.
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Figure 16: Honeycomb cores being bonded to the aluminum spine assembly using two‐part epoxy
with wood clamps and weights.

Sandwich Structure Bonding
Once the fiberglass laminates were made, they were bonded to the honeycomb core and
spine assembly to form the sandwich structure. The same Resinlab epoxy was initially used
for bonding and metal plates were used for applying clamping pressure. The 2.25in wide
unbond section between the skins and the honeycomb core were created by using a
template laid on top of each laminate while the epoxy was applied. Epoxy was then brushed
on in locations where the bond was needed and was not applied to the unbonded sections.
However, during quasi‐static testing of the first table, the Resinlab epoxy bonding between
the facesheets and core failed prematurely. Nearly the entire laminate on each side became
unbonded, exposing the fiberglass edging and creating potential injury hazards. As a result,
bonding research and testing was conducted to determine the proper surface prepping and
bonding methods for the specific fiberglass‐to‐aluminum honeycomb combination to ensure
a functional bond. If the strength of the Resinlab epoxy could not be improved using these
methods, then a stronger adhesive that was also easier to apply during manufacture was to
be found for use on the remaining tables.
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Bonding Research
No information was provided on Resinlab’s website regarding proper bond‐line
thickness for the 1200EP epoxy or proper clamping weight during cure. Hexcel’s
website provided several useful documents with regards to proper bonding procedures.
The article “Redux Bonding Technology” in Appendix I provided information on
prepping specific materials before bonding to one another:
•

Honeycomb: According to the article, “Unless there are obvious signs of
contamination, aluminum honeycomb does not require pretreatment prior to
bonding. Should, however, any oil or grease contamination be evident, then the
affected slice should be immersed in the vapour of a suitable hydrocarbon solvent
in a vapour degreasing unit. After immersion, always allow sufficient time for the
honeycomb core to drain dry.”

•

Fiberglass: For prepping thermosetting fibre‐reinforced laminates, the article
states, “It may be possible to design the laminating process so that one peel ply of
fabric is placed on the surface to be bonded; this peel ply becomes part of the
laminate on curing. Just prior to bonding, the peel ply is peeled off, removing with
it some of the excess cured matrix material, which exposes a fresh clean surface
for bonding.” It also recommends drying the laminates in an oven before bonding,
but after the peel ply is removed.

The article also mentions that film adhesives are easier to handle, apply, and the bond‐
line thickness is automatically controlled by a cotton scrim. In addition, it states that
proper clamping pressure for film adhesives is 20‐50psi depending on the constituent
materials. The steel plates used for applying surface pressure during the Resinlab 1200
epoxy cure, although not a film adhesive, was less than 1psi.

Bonding Testing
Several ASTM testing methods were researched for quantifying the strength of the bond.
The most relevant was ASTM C297‐04, “Standard Test Method for Flatwise Tensile
Strength of Sandwich Constructions,” This method is a simple tensile test of a small
sandwich specimen, performed by bonding two metal blocks on each side of the
sandwich structure and clamping into a tensile test machine. The tensile strength of the
core‐to‐skin bond is determined by the load data. This test was chosen because it was
the easiest to implement and reproduce using the Instron tensile tester.
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Based on the research conducted, several test specimens were created for bond testing
as follows:
•

One was made using the same Resinlab epoxy and procedures used before. This
method included no surface preparation of the honeycomb or fiberglass. However,
we were already using the peel ply layer and a drying post cure as recommended by
Hexcel for preparing the fiberglass laminates for bonding. This sandwich specimen
was weighted as before during cure of the adhesive.

•

The second test specimen was created using the same surface prepping methods for
the fiberglass. In addition, the honeycomb was degreased as described by Hexcel.
During cure of the Resinlab epoxy, the sandwich structure was placed in a vacuum
bag at 25‐30psi for clamping to ensure proper contact between the surfaces.

•

A third specimen was created using JD Lincoln film adhesive that was available in
the Composites Lab. A vacuum bag at 25‐30psi was used for clamping.

•

A fourth was created using 3M DP460 epoxy. This specimen also used vacuum bag
for clamping.

Pictures from the bond strength testing conducted are shown in the figure below. This
test was of the JD Lincoln film adhesive. A summary of the bonding test results are
shown in the table that follows.

Figure 17: Pictures from the bond strength testing conducted to determine which adhesive and
prepping methods should be used for bonding the sandwich structure together.
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Table 5: Bond testing tensile strength results for the four adhesive types tested.
Adhesive Type

Max Tensile Stress (psi)

Resinlab 1200 Epoxy ‐ No
Surface Prep or Vacuum Bag

264.4

Resinlab 1200 Epoxy ‐ Surface
Prep and Vacuum Bag

155.5

JD Lincoln L‐303 Film

480.1

3M DP460 Epoxy

624.7

Testing showed that surface prepping of the aluminum and vacuum bagging during cure
of the Resinlab 1200 epoxy actually weakened the bond. The 3M DP460 epoxy provided
the strongest bond between the honeycomb and laminates, however, the JD Lincoln film
adhesive was chosen for use on the remaining tables for several reasons. First, the film
adhesive was still about twice as strong as the Resinlab epoxy used previously. The JD
Lincoln film was also easier to handle, cut, and apply than the epoxy adhesives. A cotton
scrim in the film also automatically controlled the bond‐line thickness. Finally, there
was a large amount of JD Lincoln film available in the Composites Lab for use, so none
had to be purchased.

Applying Bonding
The JD Lincoln film adhesive was cut into the geometry of the table before application. The
unbond sections were created by simply cutting 2.25in wide sections from the film layers.
After applying the film, the laminates were placed on the honeycomb‐spine assemblies and
put in a vacuum bag at 25‐30psi. The vacuum bag was then placed in the large oven in the
Composites Lab at 250°F for one hour to cure the adhesive. A picture of the table after
sandwich structure bonding is shown below.
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Figure 18: Table sandwich structure after curing of the film adhesive.

Finishing
Once the sandwich structure was bonded together, Tedlar protective covering was placed
over the top laminate surface. The Tedlar had a pressure‐sensitive adhesive backing that
made installation quick and easy using a plastic scraper.

Figure 19: Protective Tedlar covering being applied to the top fiberglass laminate.
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The aluminum end‐cap was then made by bending 4in wide, 0.025in thick aluminum sheet
into a U‐shape. This edge was then applied around the perimeter of the table and secured
with DP805 acrylic adhesive from 3M. The neoprene rubber edging was then adhered over
the aluminum end‐cap using the same adhesive. This fast setting adhesive was applied to
the rubber and then held in place as it set. Using this method, the edging could be bonded in
increments and we avoided having to clamp the rounded edge geometry all at once.
Finally, the pedestals were connected to the tabletop structure using four button head cap
screws with lock washers that thread into the spine. Pictures of one completed table are
shown in the figure below.

Figure 20: Pictures of a completed Cal Poly CEM prototype table.

VIII.

DESIGN VERIFICATION AND TEST PLAN
The performance of the prototype CEM table was evaluated using four different tests to
determine if the design met the engineering specifications outlined earlier in Tables 1 and 2.
These tests included work surface indent testing, static load testing, quasi‐static crush
testing, and dynamic impact testing. The tests were conducted in the order just mentioned.
Procedures for these tests were established from the previous CEM senior project last year
and from the additional testing done over summer. Each test is outlined in the sections that
follow. Detailed testing procedures for each test are included in Appendix J.
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Work Surface Indent Testing
The first test performed on the new tabletop qualified its ability to act as an adequate work
surface for everyday use. The test consisted of two loading cases which both used a 0.222in
radius aluminum indenter installed in the Instron tensile testing machine in the Cal Poly
Composites Lab. The indenter was used to apply surface loads quasi‐statically to a tabletop
specimen. The first loading case was achieved by indenting the surface of the table in
0.010in increments, at a feed rate of 0.002in/s, while recording the load applied until
noticeable permanent deformation occurred. The table surface was required to withstand
an indenting load of 65lbs without showing a noticeable dent to be considered successful.
The second loading case was achieved by fully embedding the indenter into the table
surface and recording the maximum penetration load and the hardness modulus, which is
the slope of the linear portion of the force vs. displacement curve. Three inch square
sections of the tabletop were used in the work surface tests instead of a full‐sized table to
limit manufacturing waste. Each loading case was repeated five times to gather sufficient
data. The test was based on ASTM Test Method D1037‐06a. A picture of the indenter
loading an existing CEM table design was shown earlier in Figure 5.

Static Load Testing
The static test fixture, developed and constructed by the senior project group last year,
replicates the railcar environment that the table will be mounted in. A pneumatic cylinder
attached to a rigid support beam was used to apply specified horizontal and vertical loads to
critical locations on the table. The table was required to withstand all loads without damage
or significant deflection. A 225lb load was applied vertically downward to a 5in by 5in load
plate at two locations on the table: the first located near the aisle side edge and the second
located near the wall. A 337lb load was applied horizontally over an 8in by 3.5in load plate
to three locations on the edge of the table: the first located on the aisle side edge, the second
on the passenger side edge close to the aisle, and the third on the passenger side edge near
the wall mount. All load levels and locations were in accordance with Volpe’s “Design
Standard for Workstation Tables in Rail Passenger Vehicles [4].” The figure below shows
the static testing fixture with the new CEM prototype table installed prior to loading.
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Figure 21: Picture of one prototype table installed in the static loading fixture. A pneumatic
cylinder was used to apply 225lb and 337lb vertical and horizontal loads, respectively.

All loads were verified using a 1000lb load cell located between the cylinder head and the
load plates. The vertical deflections were measured with a dial indicator, mounted to a
support beam on the test fixture. The horizontal deflections were determined using a tape
measure to find the relative displacement between the test structure and the load plate. The
table was required to handle all applied loads without failure of any components.

Quasistatic Testing
Following static load testing, quasi‐static crush testing was performed to determine the
edge load needed to initiate crushing of the table. Quasi‐static testing also helped to
determine the crushing modes of the core structure and how much energy the table could
absorb. This test was also compared to the quasi‐static tests already done on the previous
Cal Poly CEM prototypes and the Ultimate NA table.
The quasi‐static test was a deflection‐based test in which an 11in wide aluminum intender,
meant to simulate a human torso, was slowly driven into the edge of the table. The test was
based on Volpe’s “Design Standard for Workstation Tables in Rail Passenger Vehicles [4].”
The Instron tensile testing machine in the Cal Poly Composites Lab was used to apply
loading. Prior to testing, one section of the core and laminate structure was cut off at the
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spine to accommodate the working range of the test machine. Three bolts through the table
spine were used to mount the table to an adapter that was clamped into the Instron. The
test machine was then used to provide four inches of crushing by the indenter. The
hydraulic ram of the Instron machine was run at 0.010in/s to ensure that no dynamic
effects were present. A picture of the prototype table mounted in Instron machine before
testing is shown below.

Figure 22: Picture of the Cal Poly CEM prototype table mounted in the Instron tensile testing
machine just before quasi‐static crushing began.

Load and displacement data were taken during the quasi‐static test and plotted to
determine the initial load needed to buckle the facesheets. The load vs. displacement data
was also numerically integrated to determine the total energy absorbed by the table using
the formula:

2
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Dynamic Impact Testing
The last test conducted on the prototype table was dynamic impact testing meant to
simulate the collision of a passenger with the table edge during a crash. This test helped
characterize the new design’s ability to absorb energy and limit the accelerations imparted
on the occupant. According to our engineering specifications, the table was required to
inflict an average force of no more than 2200lbs on the impact mass during the impact and
any accelerations over 30g’s must have been for less than 3ms. Additionally, the table was
required to maintain its overall structure.

Impact Test Rig
To accomplish this test, two 171lb impacting masses (representing the 50th percentile
male occupant) were dropped onto the edge of the table from a specified height. The
energy level of the simulated collision has been estimated at 8,000in‐lb, which required
the masses to be dropped from about 3.9ft above the table edge. A steel‐frame testing
rig was built by the previous senior project group to perform the testing. The table
mounts in the testing fixture perpendicular to its normal orientation. The impact masses
are attached to a cable‐pulley system which can raise and lower the masses using hand
cranks located on the sides of the steel frame. In order to ensure simultaneous release of
the impact masses during a test, two flexible steel cables are strung between the two
masses and connected to a quick release mechanism at the top of the fixture. Once
released, the impact masses are guided by greased wires running vertically on the
fixture. A picture of the dynamic testing fixture with the CEM table prototype installed is
shown in the figure below. For future naming convention, Mass 1 was the impact mass
closest to the wall mounting and has an actual weight of 171.8lbs, while Mass 2 was the
impact mass at the aisle position with an actual weight of 170.0lbs.
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Figure 23: Picture of the dynamic testing rig, showing the table mounted on its side and the two
impacting masses secured at their drop height.

Data Acquisition
To collect acceleration data during the impact, accelerometers were mounted onto each
of the impact masses. The accelerometers were Wilcoxon 786A general purpose,
piezoelectric accelerometers capable of reading ±80g peak. The data sheet for these
accelerometers is included in Appendix G. The accelerometers were connected to an
LDS‐Dactron Focus II data acquisition device for recording acceleration levels. The data
was collected at just over 10,000 samples per second to ensure full capture of the peak
acceleration levels. This high‐frequency data acquisition device (DAQ) was provided by
Dr. Birdsong in the ME department.
A supply voltage of 18‐30V DC was required to power each accelerometer. We chose to
use 24V DC during the test. With the given 24V power supply, the output of the
accelerometer was in the range of 0‐24V. However, the LDS‐Dactron system can only
support an input signal up to 10V, so a reduction of the accelerometer output voltage
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was necessary in order to use the LDS‐Dactron system. The accelerometer output
reduction was achieved with a simple voltage divider circuit. At rest, the DC output of
the accelerometers was roughly 11V which was reduced to around 5V using the voltage
divider circuits shown in the figure below. With an accelerometer sensitivity of around
100mV/g and a peak output of 80g, the voltage reduction circuits were adequate in
bringing the output voltage to a useable range for the data acquisition system to handle.

Figure 24: Schematic of the two voltage divider circuits used to attenuate the accelerometer output
signal. The corresponding reduction formulas are shown in order to calculate the actual output of
the accelerometer from the values collected by the data acquisition system. V1 and V2 represent the
actual output of the accelerometers, while V1o and V2o represent the voltage recorded by the DAQ.
In addition to acceleration data, dynamic strain data at the pedestal base and backplate
were captured during impact testing to help characterize the loads and stresses in the
structure during such a collision. A total of eight Vishay CEA‐06‐125UW‐120 axial strain
gages were adhered to the table structure: four were located at the base of the pedestal
and four were located on the backplate near the base of the spine. A data sheet for the
strain gages is included in Appendix G. Each set of four gages was connected in a full
Wheatstone bridge to create two bending force transducers. Using four gages at each
location helped to create highly sensitive transducers. Due to each gage’s location in the
bridges, only bending effects along the opposite sides of the pedestal and in the
backplate were captured. All torsional and axial loads cancelled in the bridge. Although
torsional and axial effects may have been present, the bending loads were surely most
prominent and were used to estimate the reaction force at the pedestal connection, the
stress at the pedestal base, the moment at the spine base, and the stress at the spine
base during the impact. A picture of the Cal Poly CEM prototype table in the dynamic
test rig with attached strain gages is shown below.
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Figure 25: Prototype table installed in the dynamic test fixture with attached strain gages. Four
gages were located at the base of the pedestal (two on each side) and four strain gages were located
on the backplate near the spine (two on each side of the center bolt).

Since the strain gages could not be directly wired to the LDS‐Dactron data acquisition
system, a breakout board was necessary. Once the breakout board was wired in a full
bridge for each transducer it was connected to the LDS‐Dactron using Lemo connectors.
The full bridges were then configured and balanced using the LDS‐Dactron software. A
wiring schematic of each strain gage bridge is shown in the following figure.

Figure 26: Schematic of the full bridge configuration and the corresponding channels the gages
were wired into on the LDS‐Dactron breakout board.
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Finally, the ME Department’s high‐speed camera was used to capture the testing
impacts. This footage allowed us to verify the masses’ speed just before impact to
determine if the proper amount of impact energy was being met. The footage also
helped to characterize the failure modes of the table surface and illustrate how the
sandwich core structure actually responded during the impact. The camera was
operated with a capture speed of 1000 frames per second. In order to easily capture the
entire impact with the limited memory available, half‐way post triggering of the camera
was used. Half‐way post triggering means that when the trigger is pressed, the camera
stores half of its maximum frames before the trigger and half after. This method allowed
us to press the trigger at the moment of impact and automatically record the entire test.
A picture of the final data acquisition setup for the dynamic test is shown in the next
figure.

Voltage Divider

Power Supply
Breakout Board

LDS‐Dactron
Figure 27: Picture of the final data acquisition setup. The high speed camera was located just to the
right of the cart.

Post Processing
The collected acceleration and strain data were post processed using an expanded
version of the Matlab script developed by the previous senior project group. This m‐file
is included in Appendix K. The code works by first loading the voltage‐time and strain‐
time columns from the text files for each accelerometer and the strain gage bridges. All
data is then filtered using a first order, 11‐point Savitzky‐Golay smoothing filter. The
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acceleration voltages are then converted from their attenuated value measured by the
LDS‐Dactron to the actual output from the accelerometer based on the known
relationships of the voltage divider circuits. The sensitivity of each accelerometer is
then used to convert the voltage output to acceleration in g’s. The specific calibration
constants for each accelerometer were provided by Wilcoxon. The velocity and
displacement of each mass are calculated by integrating the acceleration. The kinetic
energy of each mass, force on each mass, and work done by each mass is then calculated.
Next, the strain gage bridge outputs from the pedestal and backplate are converted to
the reaction force at the end of the pedestal and the moment at the base of the spine
using calibration constants determined earlier. Finally, the maximum stress in the
pedestal and spine is also calculated using the reaction forces and moments and the
component geometry.

IX.

TESTING RESULTS
Results from each of the four tests conducted on the prototype tables are contained in the
sections that follow.
Work Surface Testing Results
The first loading case for work surface indent testing was repeated five times. Each
specimen withstood 0.050‐0.070in of penetration before the surface deformation was
noticeable. The load corresponding to this deformation was about 175lbs. A picture of one
specimen after loading is shown in the figure below. A sample plot of the work surface load
vs. displacement for one incremental test follows.

Figure 28: Picture of a work surface indent test specimen after noticeable deformation was
achieved.
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Figure 29: Plot of work surface load vs. displacement for one indent test. The load necessary to
achieve noticeable deformation was about 175lbs at a depth of 0.070in.

The second loading case for fully embedding the indenter was also conducted five times.
The table below shows the maximum load that the table surface withstood for each test and
the corresponding hardness modulus for penetrating the surface. The average ultimate
embed load was 347.2lbs and the average hardness modulus was 2432.4lb/in.

Table 6: Summary of results for the five full penetration tests performed on the prototype table.
Test #

Ultimate Embed
Load (lbf)

Hardness
Modulus (lb/in)

1

333

2137

2

371

2723

3

377

2697

4

271

2248

5

384

2357

Average

347.2

2432.4
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Comparison to Design Specifications
For the first loading case, the load necessary to achieve noticeable deformation was
about 175lbs, which was well above the specification of 65lbs or more. For the second
loading case, the average hardness modulus was 2432.4lb/in, which was well above the
specification of 1500lb/in. A summary of the critical work surface testing results with
comparison to the design specification is shown below.

Table 7: Comparison of the work surface indent testing results to the design specifications.
Noticeable Deformation

Hardness Modulus

Specification

Test Results

Pass/Fail

Specification

Test Results

Pass/Fail

65lbs or
more

175lbs

Pass

1500lb/in or
more

2432.4lb/in

Pass

Static Testing Results
The CEM prototype table was tested at the 225lb vertical and 337lb horizontal static loads
as required by Volpe’s latest design specification. The table easily withstood these loads at
each required location without damage or significant deflection. The table was also tested to
the 350lb vertical and 500lb horizontal static loads that were previously specified by Volpe
and tested during the first senior project, in order to compare the table’s performance to
previous versions. Pictures from the static loading tests are shown in the figures that follow.

Figure 30: Pictures of the table during static load testing. A vertical load of 225lb and a horizontal
load of 337lb were applied at the locations shown.
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Figure 31: Picture of the critical vertical static loading the table had to withstand. This location was
at the far corner of the table, furthest away from the support structure. A dial indicator was used to
measure the deflection.

Comparison to Design Specifications
The table withstood all required loading conditions during testing. A table of the results
with comparisons to the design specifications is shown on the following page. Some
damage was incurred during the aisle side horizontal load, but this was at 500lbs which
was well above the required 337lb specification.
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Table 8: Summary of the static load testing conducted on the prototype table with comparison to
the design specifications.
Vertical Static Loading (5"x5" Plate)
Location
37" from Wall
(Far Corner)
11" from Wall

Load
(lb)

Max Deflection
(in)

Permanent Set
(in)

Pass/Fail

230

0.058

‐

Pass

350

0.092

0.0100

Pass

240

0.024

‐

Pass

350

0.045

0.0060

Pass

Horizontal Static Loading (8"x3.5" Plate)
Load
(lb)

Max Deflection
(in)

Permanent Set
(in)

Pass/Fail

28.5" from Wall
(Outside Passenger)

350

0.4375

‐

Pass

500

0.625

0.0625

Pass

11" from Wall
(Inside Passenger)

337

0.1875

‐

Pass

500

0.25

0.0625

Pass

334

0.0625

‐

Pass

500

‐

‐

Fail*

Location

Aisle Side Corner

*Slight damage to laminate and honeycomb near 500lb. Table easily met the 337lb specification.
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Quasistatic Testing Results
The quasi‐static crush test was performed on two prototype tables constructed this year.
The first table tested used the Resinlab EP1200 epoxy to bond the fiberglass laminates to
the honeycomb spine assembly. The neoprene rubber edging was bonded to the table using
DP460 acrylic adhesive from 3M. Prior to testing it was ensured that the indenter was
parallel to the edge of the table and that each component was securely attached.
As the first test progressed, buckling of the laminates was initiated around a load of
1000lbs. However, the table continued to support load up to about 1600lbs before the load
began to fall, as seen in Figure 32. Using the numerical integration formula shown earlier, it
was determined that the table was capable of absorbing 3700in‐lbs of energy for the four
inches of crush induced. Unfortunately, the Instron testing machine could only provide four
inches of travel and the full energy absorbing capability of the table could not be obtained.
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Figure 32: Measured load as the indenter progressed through the crush depth of the table during
the first quasi‐static test.
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Figure 33: Initial buckling of the bottom laminate during the first quasi‐static crush test.

The laminates remained flexible throughout the test but tore slightly along the projected
area of indenter. During the test, it was observed that the bonding method used to attach
the laminates to the core structure was insufficient and resulted in the laminates breaking
free from the honeycomb. This debonding left exposed sections of the fiberglass laminates
that could result in lacerations to the occupant during an actual impact event.

Figure 34: Excessive debonding of the laminate during the crush test. It was determined that the
Resinlab epoxy was not sufficient for bonding the honeycomb to the fiberglass laminates.
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Figure 35: Photo of the first table, post test, illustrating the exposed laminate edge and the tearing
of the laminate.
Due to the inability of the rubber edge to encapsulate the laminates during the first quasi‐
static test, an aluminum channel was constructed and mounted to the perimeter of the
remaining tables. The excessive debonding of the laminate from the core also led to an
investigation of different bonding methods for the laminates. Results from this study were
discussed earlier in the Manufacturing section. A second table, with the aluminum end‐cap
and the laminate sheets adhered to the core structure using the new JD Lincoln L‐303 film
adhesive was then tested. The aluminum end‐cap was able to hold the laminates in place
during the test and the film adhesive produced a stronger bond that was able to maintain
contact with the honeycomb core better than the previous epoxy.

Figure 36: Photo of the second table undergoing the quasi‐static crush test. This table had an
aluminum edge and used JD Lincoln film adhesive.
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With the increased strength of the bond between the laminates and the core structure, the
second table was able to absorb 5510in‐lbs of energy in four inches of crush. Tearing of the
laminate still occurred, but only at the discontinuous sections of the aluminum end‐cap.

Figure 37: Photo of the second table, post test, illustrating tearing of the laminate.
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Figure 38: Measured load as the indenter progressed through the crush depth of the table during
the second quasi‐static test.
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Overall, the addition of the aluminum end‐cap and the greater bond strength provided by
the film adhesive increased the ability of the table to encapsulate the edges and provide a
safe compartmental space for the passenger. Both tables showed signs of buckling in the
unbonded areas around a load of 1000lbs; only 100lbs from the 900lb load predicted by the
FEA modeling. However, in each test the table continued to support loads past initial
buckling in the unbond sections, and the peak loads were well above the desired 900lb
target. A table summarizing the results of the two quasi‐static tests performed is shown
below.

Table 9: Summary of the peak load and energy absorption results for the two quasi‐static tests
performed.
Table

Peak Load (lb)

Energy Absorbed (in‐lb)

Resinlab Epoxy ‐ No
Aluminum Edge

1594

3700

JD Lincoln Film Adhesive ‐
Aluminum Edge

2016

5510

Comparison to Design Specifications
Each table met the minimum peak load of 750lb specified by the design criteria, but
greatly exceeded the 900lb load predicted by the FEA modeling. Listed below are the
measured values obtained from each quasi‐static test with comparison to the design
requirements.

Table 10: Critical results from quasi‐static testing with comparison to the design specifications.
Peak Load
Table

Specification

Resinlab Epoxy ‐ No
Aluminum Edge

Result

Pass/Fail

1594lb

Pass

2016lb

Pass

750lb
JD Lincoln Film Adhesive ‐
Aluminum Edge
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Dynamic Testing Results
One dynamic impact test was performed on the Cal Poly CEM prototype. Immediately
following the impact, the table was inspected for damage. It was observed that the two
fiberglass sheets on each side of the sandwich structure crumpled evenly and were
contained within the outer aluminum edge. Because the sheets did not come out of the
edging, there is a minimal chance that their sharp edge could have harmed the passenger by
cutting or impaling them. Mass 1 (closest to the wall) penetrated further into the table
structure than Mass 2. This difference was most likely due to the restricted movement of the
table near the wall mount. At the outer location, the table deflected significantly on the
pedestal, absorbing energy and reducing the penetration of Mass 2. Below are several
pictures taken immediately after the test was conducted.

Figure 39: Pictures of the crushed table immediately after the impact test occurred.
From the high speed video footage it was determined that the pedestal deflected until the
opposite side of the table came into contact with the bottom of the test fixture. Although
minimal damage was inflicted to this side of the table, it was evident that the pedestal did
not completely reach its furthest possible deflection. Another inch or two of deflection
probably would have occurred without this constraint. Also, the aluminum weld at the base
of the spine cracked nearly completely through during the impact. Even with heat treatment
of the welds it is evident that this location is critical to maintaining the table’s overall
structure. Pictures of the failed weld are shown below.
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Figure 40: Picture of the cracked aluminum weld at the base of the table spine. This joint failed
during the impact test due to significant stress at this location and deflection of the table.

Acceleration Results
Plots of the acceleration of each impact mass during the test are shown in the figure that
follows. The impact mass designated Mass 1 is the mass at the inner location of the
table, nearest the wall. This location simulated a passenger sitting at the window seat of
the railcar. The mass designated Mass 2 is the impact mass at the outer location of the
table, or the aisle seat for a passenger.
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Figure 41: Acceleration of the impact masses during the test. Mass 1 was the impact masses closest
to the wall, Mass 2 is furthest from the wall.

The impacts of both masses were characterized by large initial spikes, followed by
lower, flatter impulses for the remainder of the impact. Mass 1 experienced a peak of
14.3g, while Mass 2 experienced a peak of 20.8g. After these initial peaks, the majority of
the accelerations were around 5‐10g. The impact of Mass 1 lasted about 100ms and the
impact of Mass 2 lasted about 120ms

Force Results
The force on each mass was also plotted after being calculated from the accelerations.
However, because the force plots are simply a scale factor of the acceleration plots, they
have been omitted from this report. The peak force on Mass 1 was 2612.4lbs and the
peak force on Mass 2 was 3696.2lbs. These peak force levels occurred very quickly,
however, similarly to the acceleration peaks. The force levels were around 1000lbs to
1500lbs during the remainder of the impact. The average force imparted on Mass 1 was
1063.0lbs and average force on Mass 2 was 985.6lbs.
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Displacement and Kinetic Energy Results
The displacement and kinetic energy of each impact mass during the test are plotted
below. The impact masses traveled 8‐9 inches after initial contact with the table edge.
This displacement was a combination of crushing of the sandwich structure and
deflection of the table. The kinetic energy plot verifies that the impact energy was
sufficient.
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Figure 42: Plot of the displacement of each impact mass during the dynamic test. The masses
traveled about 8‐9 inches after initial contact.
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Figure 43: Plot of the kinetic energy of each impact mass during the dynamic test. The initial
energy at impact was verified at over 8000in‐lbs and the energy dropped to zero as expected.
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Energy Absorption Results
The force vs. displacement of each impact masses and the work done by each impact
mass over time are plotted below. The work done by each mass is equivalent to the
energy absorbed by the table due to that mass’ impact. The calculated energy absorbed
by the table for Mass 1 and Mass 2 was 10126in‐lbs and 9456in‐lbs, respectively.
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Figure 44: Plot of the force vs. displacement of each mass during the dynamic test.

Work/Energy Absorbed (in‐lbf)

12000.0
10000.0
8000.0
6000.0

Mass 1
Mass 2

4000.0
2000.0
0.0
3.10

3.12

3.14

3.16

3.18

3.20

3.22

3.24

3.26

Time (s)
Figure 45: Plot of the work done by each mass (energy absorbed by the table) during impact.
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Table 11: Summary of the dynamic testing results for each impact mass as derived from the
accelerometer data.
Impact
Mass

Impact
Energy
(in‐lbs)

Peak
Acceleration
(g)

Peak
Force
(lbf)

Average
Force
(lbf)

Impact
Duration
(ms)

Max
Displacement
(in)

Energy
Absorbed
(in‐lbs)

Mass 1

8590

14.3

2612.4

1063.0

100

9.04

10126

Mass 2

8500

20.8

3696.2

985.6

120

7.95

9456

Strain Results
The plots that follow show the maximum stress at the base of the pedestal and the base
of the spine over the duration of the impact. After the test, the pedestal was noticeably
bent and had signs of plastic deformation in several areas. The maximum stress
measured at the base of the pedestal was just over 300ksi as shown in Figure 46; well
beyond the yielding limit. As mentioned earlier, the weld at the base of the spine failed
during the test due to excessive stress and deflection. The maximum stress measured at
this location was 120ksi as shown in Figure 47; which is also well beyond the limit of
strength. However, it appears from the plot that the strain gage bridge at this location
failed prematurely at around 3.13 seconds, suggested by the sharp drop off in stress and
the flat region after.
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Figure 46: Plot of the maximum stress at the base of the pedestal during the impact event. The max
stress measured was about 300ksi.
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Figure 47: Plot of the maximum stress at the base of the spine during the impact. The max stress
recorded was about 120ksi, although it appears the strain gage bridge failed at this point.

Comparison to Design Specifications
The main goal of the project was to determine if the table tested met the safety
standards outlined earlier. The requirements specified that any acceleration over 30g
be for less than 3ms, that the average force on the impact masses be 2200lbs or less, and
that the table maintain its overall structure. A summary of these critical test results in
comparison to the specifications is shown in the table below.

Table 12: Comparison of the acceleration and force results for each mass to the safety
specifications.
Peak Acceleration

Average Force

Safety
Specification

Mass 1

Mass 2

Pass/Fail

Safety
Specification

Mass 1

Mass 2

Pass/Fail

30g less than
3ms

14.3g

20.8g

Pass

Less than
2200lbs

1063lbs

986lbs

Pass

‐62‐

The table also maintained its overall structure during the impact. According to these
results, the table tested fully met the safety specifications and would be successful in
protecting a passenger according to the standards.

X.

MANAGEMENT PLAN
The timeline for the CEM table senior project was outlined in two ways. An initial scope at
the beginning of the project was created in Excel, listing all tasks to be completed and the
estimated time spent by each team member. From this scope, a Gantt chart was created in
Microsoft Project to outline the project tasks based on the calendar days available within
the senior project time limit. During the project, additional tasks were added following
issues arising from modeling and testing. These new tasks were incorporated into the
project schedule, usually at the expense of other tasks deemed less critical to the project by
our sponsors. A final version of the Gantt chart for the senior project is shown in Appendix
L. It contains explanations for each task and displays the tasks in a time relation to each
other. Some tasks inherently followed others, and these are indicated by connecting
arrows. The modeling and subscale testing of materials took place over fall quarter of 2009.
A core sandwich structure was chosen by the end of fall and building of table prototypes
took place over winter and spring quarters. The tables were completed, tested, and the
results analyzed during spring quarter.

XI.

RECOMMENDATIONS
Several issues were discovered during the project that should be addressed by anyone
continuing work on the new CEM table design. First, the initial buckling load recorded
during quasi‐static testing was 500‐1000lbs over the desired value. To lower this initial
load, the fiberglass layup can be altered in one of the following ways:
•
•
•

Use lower weight cloth or unidirectional glass.
Remove selected plies from the layup.
Change the orientation of plies within the layup.

However, lowering the buckling strength of the laminates using these methods also lowers
the work surface strength and static load carrying ability of the table and should be utilized
with caution.
The manufacturing process of the fiberglass layups can also be improved in future versions
of the table. The vacuum resin infusion method used for fabricating the facesheets was both
time consuming and expensive. Using pre‐impregnated fabrics would reduce manufacturing
time and difficulty. It would also reduce the cost of resin, much of which is wasted during
the infusion process.
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A third area for improvement is in the aluminum and neoprene edging. Although the
bonding issues were resolved by switching to a film adhesive, the addition of the aluminum
edge was done quickly and could use more development. The aluminum also made the
encapsulating geometry of the neoprene edge ineffective. Designing a combination
aluminum‐neoprene edge which is functional and properly fits the sandwich structure
would be ideal.
Fourth, the aluminum weld at the base of the spine should be redesigned following failure
during the dynamic test. Although heat treated, the strength of the weld was not enough to
withstand the immense stress at the wall mount location. This joint should be redesigned as
a bolted connection using an extruded aluminum backplate which integrates into the spine.
Finally, the pedestal of the CEM prototype should be made slightly thicker to reduce the
deflection witnessed during the dynamic test. The opposite edge of the table made minor
contact with the bottom of the test fixture, showing that the deflection of the pedestal was
significant. Stiffening the pedestal slightly by increasing its thickness would reduce this
excess deflection while still providing spring‐like behavior for softening impacts.
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QFD House of Quality

Title:
Author:
Date:

Commuter Rail Table House of Quality
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Appendix B
Work Surface Indent Model Matlab Script

% CEM Table Honeycomb/Fiberglass Design
% Winkler Beam on Elastic Foundation Indent Analysis
% This one is for the Cal Poly FG/AL core
%
% Simple CLT File
clear all
close all
%set up a diary file
diary foamindent.dat
%units are US customary (lb, in, E in psi)
% total laminate definition in matrix below
% [ply angles, thicknesses, matl. #]
%Set up for two materials
% Data in there now is
%1- E-Glass Cloth
%2- S-Glass Unitape
%Laminate is defined in this matrix l (sorry it looks like a one)
% [ angle thick matl #]
l=[ 45
.005
1;
-45
.005
1;
0
.010
2;
-45
.005
1;
45
.005
1]
% this is the total laminate
% cut, paste, edit above to study your laminate of choice
%delta temp
DT = -0.0
% size command to get number of plies
n = size(l,1)
%
%

Lamina Properties
matrix for engineering constants
%E1
E2
v12 G12
a11
E = [2.0e6
2.0e6 .10
.52e6
0.0e-6
8e6
2.5e6 .25
1.3e6
0.0e-6
% a's are CTE's

a22
0.0e-6; % Fiberglass Cloth
0.0e-6] % S-glass uni

%%%%% Classical Lamination Theory to Get Effective EI%%%%%
%intiialize the ply distance and ABD matrices
NT = zeros(3,1);
MT = zeros(3,1);

h
A
B
D
%
R

= zeros(n+1,1);
= zeros(3);
= zeros(3);
= zeros(3);
Form R matrix which relates engineering to tensor strain
= [1 0 0;
0 1 0;
0 0 2];

% find the total thickness
total = sum(l,1)
thick = total(1,2);
% locate the bottom of the first ply
h(1) = -thick/2.;
imax = n + 1;
%loop for rest of the ply distances from midsurf
for i = 2 : imax
h(i) = h(i-1) + l(i-1,2);
end
%loop over each ply to integrate the ABD matrices
for i = 1:n
%ply material ID
mi=l(i,3);
v21 = E(mi,2)*E(mi,3)/E(mi,1);
d = 1 - E(mi,3)*v21;
%Q12 matrix
Q = [E(mi,1)/d
v21*E(mi,1)/d
E(mi,3)*E(mi,2)/d
E(mi,2)/d
0
0

0;
0;
E(mi,4)];

%ply angle in radians
a1=l(i,1)*pi/180;
%Form transformation matrices T1 for ply
T1 = [(cos(a1))^2
(sin(a1))^2
2*sin(a1)*cos(a1);
(sin(a1))^2
(cos(a1))^2
-2*sin(a1)*cos(a1);
-sin(a1)*cos(a1)
sin(a1)*cos(a1) (cos(a1))^2-(sin(a1))^2 ];
%Form Qxy
Qxy = inv(T1)*Q*R*T1*inv(R);
% build up the laminate stiffness matrices
A = A + Qxy*(h(i+1)-h(i));
B = B + Qxy*(h(i+1)^2 - h(i)^2);
D = D + Qxy*(h(i+1)^3 - h(i)^3);
%load alphs into and array
a=[E(mi,5); E(mi,6); 0.0];

%transform cte's mult by DT to get thermal strain exy
exy = (R*inv(T1)*inv(R)*a)*DT;
%build up thermal load as well now
NT = NT + Qxy*exy*(h(i+1)-h(i));
MT = MT + .5*(Qxy*exy*(h(i+1)^2 - h(i)^2));
%end of stiffness loop
end
%change the display format for compliance matrix
format short e
A = 1.0*A
B = .5*B
D = (1/3)*D
%
K = [A, B;
B, D]
C = inv(K)
%%%%%Winkler Beam Theory%%%%%
% See Cook/Young for Beam on Elastic Foundation
Po = 65
% indent load on table facesheet
b = 3
% effective winkler beam width in
ko = 950
% foundation modulus psi/in (core compressive modulus)Backed this
out from my test data
k = ko*b % Winkler spring constant lb/in/in
%wide and narrow effective EI for just the facesheet
%EIn=b/C(4,4)
EIw=b*K(4,4)
Beta = (k/(4*EIw))^.25
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%% Local deflection wmax under the load%%%%%
wmax=(Beta*Po)/(2*k)
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%core max compressive stress
SigC = ko*wmax
diary off

Appendix C
Edge Stiffness Model Matlab Script

% CEM Table Fiberglass Skin/Aluminum Honeycomb Core Design
% Initial Edge Stiffness Model
% This one is for the new E-glass/S-glass Table
%
% Simple CLT File
% This one includes hygrothermal
%
clear all
close all
%set up a diary file
diary UltimateEdge.dat

%units are US customary (lb, in, E in psi)
% total laminate definition in matrix below
% [ply angles, thicknesses, matl. #]
%Set up for two materials
% Data in there now is
%1- E-glass
%2- S-glass
%Laminate is defined in this matrix l (sorry it looks like a one)
% [ angle thick matl #]
l=[ 45
.005
1;
-45
.005
1;
0
.010
2;
-45
.005
1;
45
.005
1]
% this is the total laminate
% cut, paste, edit above to study your laminate of choice
%delta temp
DT = -0.0

% size command to get number of plies
n = size(l,1)
%
%

Lamina Properties
matrix for engineering constants
%E1
E2
v12
G12
a11
a22
E = [2.0e6
2.0e6 .10
.52e6
0.0e-6 0.0e-6; % Glass Cloth
8e6
2.5e6 .25
1.3e6
0.0e-6 0.0e-6] % S-glass Uni
% a's are CTE's

%intiialize the ply distance and ABD matrices
NT = zeros(3,1);
MT = zeros(3,1);
h
A
B
D
%
R

= zeros(n+1,1);
= zeros(3);
= zeros(3);
= zeros(3);
Form R matrix which relates engineering to tensor strain
= [1 0 0;
0 1 0;
0 0 2];

% find the total thickness
total = sum(l,1)
thick = total(1,2);

% locate the bottom of the first ply
h(1) = -thick/2.;
imax = n + 1;
%loop for rest of the ply distances from midsurf
for i = 2 : imax
h(i) = h(i-1) + l(i-1,2);
end
%loop over each ply to integrate the ABD matrices
for i = 1:n
%ply material ID
mi=l(i,3);
v21 = E(mi,2)*E(mi,3)/E(mi,1);
d = 1 - E(mi,3)*v21;
%Q12 matrix
Q = [E(mi,1)/d
v21*E(mi,1)/d
E(mi,3)*E(mi,2)/d
E(mi,2)/d
0
0

0;
0;
E(mi,4)];

%ply angle in radians
a1=l(i,1)*pi/180;
%Form transformation matrices T1 for ply
T1 = [(cos(a1))^2
(sin(a1))^2
2*sin(a1)*cos(a1);
(sin(a1))^2
(cos(a1))^2
-2*sin(a1)*cos(a1);
-sin(a1)*cos(a1)
sin(a1)*cos(a1) (cos(a1))^2-(sin(a1))^2 ];

%Form Qxy
Qxy = inv(T1)*Q*R*T1*inv(R);

% build up the laminate stiffness matrices
A = A + Qxy*(h(i+1)-h(i));
B = B + Qxy*(h(i+1)^2 - h(i)^2);
D = D + Qxy*(h(i+1)^3 - h(i)^3);
%load alphs into and array
a=[E(mi,5); E(mi,6); 0.0];
%transform cte's mult by DT to get thermal strain exy
exy = (R*inv(T1)*inv(R)*a)*DT;
%build up thermal load as well now
NT = NT + Qxy*exy*(h(i+1)-h(i));
MT = MT + .5*(Qxy*exy*(h(i+1)^2 - h(i)^2));

%end of stiffness loop
end
%change the display format for compliance matrix
format short e
A = 1.0*A
B = .5*B
D = (1/3)*D

%
K = [A, B;
B, D]
C = inv(K)
%Inputs for edge stiffness model
tf = .030
tc = 3.0
Ef = 6.0e6
Ec = 97.0
L = 8.88
Lub = 2.0
b = 9.0

%Thickness of one facesheet (in)
%Thickness of core (in)
%Modulus of the the facesheet material (psi)
%Modulus of the core material (W direction) (psi)
%Length of beam (from spine to table edge) (in)
%Length of unbonded skin section (in)
%Width of beam. Start with 1.5x indenter width? (in)

%Wide and narrow effective EI for just the facesheet
%EIn=b/C(4,4)
EIw=b*K(4,4)
%Buckling constant for fixed-fixed beam
Cb = 4.0;
%Critical buckling load for one facesheet (lb)
Pcr = Cb*pi^2*EIw/Lub^2

% Spring Constant of core material (lb/in)
kc = tc*b*Ec/L
% Spring Constant of facesheet (lb/in)
kf = tf*b*Ef/L
%Load in Facesheet (lb)
Pf = Pcr
%Displacement (in)
delta = Pf/kf
%Load in core (lb)
Pc = kc*delta
%Total Load at Indenter (lb)
P = Pc + 2*Pf

diary off
%
%

Appendix D
FEA Report

Finite Element Analysis of an Improved Railcar Workstation
Table for Absorbing Passenger Impact
Trevor Ness

Mechanical Engineering, Cal Poly San Luis Obispo

ABSTRACT
In an attempt to improve passenger safety during
rail train collisions, workstation tables are being
redesigned to feature crushable materials that
absorb energy safely. One new design consists of a
composite sandwich structure made from aluminum
honeycomb with two fiberglass facesheets on the
top and bottom. Two finite element models were
created in ABAQUS for characterizing two critical
performance aspects of the new design: the work
surface deformation under load and the static force
needed on the edge of the table to buckle the
facesheets. Both models were developed using 3-D
solid elements for the core and 3-D composite
shells for the fiberglass laminates. Rigid parts were
included in the models for simulating the tool
geometry used to apply the loads in testing. Each
model mesh was refined until proven to converge. It
was determined that the indent on the designed
table work surface under a 65lb load was 0.029in
and the edge buckling load was 915lbs. These
predictions were compared with analytical
calculations and testing results of similar loading
cases and determined to be close enough for the
models to be considered accurate. Based on the
results of the finite element models, the fiberglass
layup chosen will meet the engineering
specifications outlined for the new table design and
will be built for testing verification.

INTRODUCTION
As a senior project for the 2009-2010 academic
year, workstation tables in commuter rail trains are
being redesigned in an effort to improve passenger
safety in the event of a train collision. The current
tables are made of hard plastic and wood, which
can be very harmful and usually deadly for
passengers seated at them when train impacts
occur. The goal of the senior project is to redesign
the current table to absorb impact energy from the
seated passenger during a collision by using a
crushable material. This concept helps to both limit
the passenger’s trajectory and lower the loads and

accelerations imparted on them. However, although
proper crushing and lowering impact loads are
critical to the success of the table, it must also still
function as a durable work surface for normal use
in a rail car environment. Therefore, the table
surface should be of adequate strength and
hardness to meet certain loading standards.

Figure 1: Current workstation table installed in a
commuter railcar with facing seats.
DESIGN DEVELOPMENT
The revised table design that is currently being
developed consists of a three inch thick aluminum
honeycomb core with thin fiberglass skins on the
top and bottom.
The core provides energy
absorption for impact scenarios, while the
composite skins add bending stiffness and a
durable work surface. Several layup options have
been considered for the fiberglass skins, and the
most promising design to date is a [±45,02,±45]
layup using a combination of E-glass cloth and Sglass unidirectional tape. The 0° plies of the layup
are oriented along the width of the table and made
of S-glass tape, while the ±45° plies are made from
E-glass cloth. This layup has been specially
formulated to have low local buckling stiffness
when loaded on the edge. As a result, the sandwich
structure helps to provide a durable tabletop while

lowering the impact type load needed to initiate
buckling and subsequent crushing of the table
during a passenger collision. Also, to further
facilitate crushing of the table, the fiberglass skins
on the new table will not be bonded completely to
the honeycomb core, but instead will be bonded in
intermittent sections, leaving areas perpendicular to
the passenger’s likely trajectory unbonded where
buckling can occur more easily.
SPECIFICATIONS
Specifications for the testing of the table work
surface and the edge load needed to initiate
crushing of the table have already been
established. The work surface testing consists of
loading the facesheets with a 0.444in diameter
indenter and increasing the force until noticeable
permanent deformation occurs. By testing existing
table designs it has been determined that
noticeable damage corresponds to a 0.030in indent
into the surface. The load necessary to create this
indent depth on a table considered to be an
adequate work surface was 65lbs. Therefore, a
65lb load on any new table design should create a
0.030in, or less, indent.

Figure 2: Work surface testing of a previous table
design using the 0.444in indenter.
The edge buckling load testing is done quasistatically using an aluminum indenter shaped to
represent a human torso. The load needed on the
edge of the table to initiate buckling of the
fiberglass skins must be between 800lbs and
1000lbs in order for the table to be durable enough
in static loading while also being able to absorb the
passenger’s impact safely and keep the peak
accelerations within allowable levels during a crash.
Any new design should meet this criterion.

Figure 3: Quasi-static edge loading of an aluminum
table design to determine the load needed to
initiate facesheet buckling.
MODEL OBJECTIVES
The main objective of modeling the table sandwich
structure is to perform virtual testing of new table
layup options through finite element analysis before
actual test specimens have to be built. Specific
objectives include:
Calculating the deformation of the fiberglass
work surface under the specified 65lb load to
see how different layups respond.
Predicting the static load needed on the edge
of the sandwich structure to buckle the
facesheets.
Simulating the geometry of the two testing
indenters in ABAQUS to obtain a more
accurate model for how the loading is actually
distributed in each test.
Once the models have been compared with the
previous testing and existing analytical tools and
determined to represent the physical system
accurately, the FE model can be used to chose a
new layup and core-to-skin unbond amount for the
table and predict its performance. This
comprehensive analysis prior to choosing a final
design will reduce the time and money spent
building table structures that do not meet the
desired specifications.

MODEL DEVELOPMENT
The indent model was created from the geometry of
the specimens used in work surface testing to
ensure an accurate comparison between the FE
model and the existing test results. These
specimens are three inch square sections of the
sandwich structure. To reduce the complexity of the

model, only one fiberglass skin was used on the top
of the honeycomb core where the indent load is
applied. The facesheet on the bottom, where the
core structure rests while being tested, was not
included. The skin was adhered to the top of the
honeycomb core using a tie constraint between the
surfaces. The geometry of the indent fixture was
simplified by including only a small section of the
spherical aluminum tip that actually contacts the
surface. The indenter was considered rigid and a
contact interaction between the indenter and
fiberglass skin was created to simulate the test. An
assembly view of the parts included in the
ABAQUS model is shown in the following figure.

width of the structure was varied to see if it had a
significant effect on the results. It was determined
that extending the structure further past the
indenter edges did not have much of an effect on
the buckling load. An assembly view of the buckling
model geometry with the indenter is shown below.

Figure 5: Assembly view of the edge buckling
model including the sandwich structure and
indenter.
MATERIAL PROPERTIES

Figure 4: Assembly view of the indent model
specimen including the three inch cube core,
fiberglass skin on top, and indenter.
The buckling model geometry was developed by
simplifying the actual specimens used in quasistatic testing as much as possible without
compromising the ability to compare results
between the finite element model and previous
tests. An entire table was used in the actual quasistatic tests with an 11in wide, rounded aluminum
indenter to mimic a human torso as shown in
Figure 3. To simplify the indenter, an 11in wide,
rigid plate was used instead. A contact interaction
between the core edge and the rigid plate was
created to model the testing conditions. The size of
the table model was reduced by including only one
section of unbonded area used to predict buckling,
since all identical unbonded sections theoretically
buckle at the same value. This simplification
allowed for only a small length of the table to be
modeled and significantly reduced the number of
elements needed. The bonded portions of the skin
were adhered to the core by partitioning the surface
and using tie constraints. The width of the structure
was chosen to extend one inch past the indenter on
each side. This width was chosen so that the
localized pressure of the indenter was included
without making the model too large. Once the
model was running with a converged mesh, the

The aluminum honeycomb core is orthotropic so
engineering constants for modulus of elasticity,
Poisson’s ratio, and shear modulus were needed in
three orthogonal directions. From crush testing of
the core and vendor data the values were
determined as shown in the table below. The
material properties were defined so that the 1direction corresponded to the x-axis of the model,
the 2-direction corresponded to the y-axis, and the
3-direction corresponded to the z-axis.
Table 1: Aluminum honeycomb orthogonal
properties for use in the ABAQUS model.
Property
Modulus of
Elasticity

Poisson’s Ratio

Shear Modulus

Value
E1

280 psi

E2

100 psi

E3

2850 psi

ν12

0.30

ν13

0.01

ν23

0.01

G12

1000 psi

G13

130000 psi

G23

52800 psi

The fiberglass skins are made from a combination
of plies using E-glass cloth and S-glass
unidirectional tape. By measuring layups of the two
different materials it was determined that one ply of
E-glass cloth is 0.0075in thick and one ply of Sglass tape is 0.010in thick. The properties for these
composites were determined from testing and
published data and are outlined below.
Table 2: Directional properties of the two fiberglass
composite materials used in the facesheets.
Material

Property

Value

E1

2.2 Msi

E2

2.2 Msi

ν12

0.10

G12

0.52 Msi

G13

0.52 Msi

G23

0.40 Msi

E1

3.5 Msi

E2

1.0 Msi

ν12

0.25

G12

1.3 Msi

G13

0.50 Msi

G23

0.40 Msi

E-glass Cloth

S-glass Tape

LOADING CONDITIONS
To represent the physical conditions during work
surface testing, the indent model used one applied
load and several boundary conditions. A 65lb
vertical load (z-direction) was applied to the rigid
indenter to drive the tool into the facesheet surface.
To make sure no other motion of the indenter
occurred, a boundary condition was specified that
constrained it from motion in the x and y directions,
as well as from rotation in all directions. One
boundary condition was also applied to the lower
surface of the honeycomb core. The surface was
restricted from vertical motion in the direction of the
force applied to the indenter. This boundary
condition was used to simulate the test specimen
resting on a steel plate during the test.
Similar loading and boundary conditions were
applied in the edge buckling model. A load of 1.0
was applied to the plate in the y-direction to define
the loading condition needed for use in the buckling
step. A boundary condition was applied to the
indenter plate to restrict its motion in all other

directions. A boundary condition was also applied
to the back face of the sandwich structure to pin it
in all directions as if it were adhered to the table’s
central spine, but rotational constraints were left out
to avoid over-constraining.

MESH DEVELOPMENT
The indent and buckling model both used 3-D
deformable solid elements for the aluminum
honeycomb core. The facesheets were created
using 3-D shell composite elements with the layup
orientation and thickness of the E-glass and Sglass assigned in the section definitions. All of the
elements were linear with reduced integration
turned off. The loading tools used in each model
were rigid parts, although the work surface indenter
was analytically rigid and the edge indenter was
discretely rigid. Therefore a rigid mesh definition
was defined for the edge indenter, while a mesh
was not needed on the work surface indenter.
INDENT MODEL MESH
The converged mesh of the honeycomb core in the
indent model was seeded with a size of 0.096 and
was made up of 31,744 hexahedral elements. The
fiberglass skin mesh also used a seed size of 0.096
to make sure the nodes between the core and skin
lined up. The skin used 1024 shell elements. The
total number of degrees of freedom in the model
was 114,351. Because the honeycomb core and
facesheets used in the model were rectangular, the
structured meshing technique used created a mesh
in which all elements met the quality criteria of
max/min angle and aspect ratio.
BUCKLING MODEL MESH
The converged mesh of the honeycomb core in the
buckling model used a seed size of 0.25 and was
made up of 9,984 hexahedral elements. The
fiberglass skin mesh used a seed size exactly half
the size of the honeycomb so that the nodes on the
surfaces would match. This seed size was 0.125
and the fiberglass skins each had 3,328 shell
elements. The rigid plate was seeded with the
same 0.25 size as the honeycomb core so that the
contacting nodes matched up perfectly, and the
plate contained 704 discrete rigid elements. The
entire model consisted of 86,508 degrees of
freedom. Just like the indent model, the buckling
model was composed of rectangular pieces that
contained all rectangular elements that met the
quality criteria of the mesh verification.

ANALYSIS
The indent model consisted of applying a 65lb load
to the rigid indenter in a general static step.
However, to make sure contact was established
between the tool and surface, the load was
changed to a specified 0.030in displacement for the
first run. The contact surfaces had to be redefined
several times before the contact was properly
modeled, and only then was the displacement
changed to the 65lb load desired. Errors in the
material property definitions also occurred, but
were easily resolved by defining a local coordinate
system for the orthotropic properties of the
honeycomb core.

The first buckling mode critical load was used as
the output in checking the convergence of the
buckling model.
The number of degrees of freedom in both models
was increased for each evaluation by decreasing
the global seed size of the facesheets and core.
With each mesh refinement the seed sizes of each
part were increased together and the seed size of
the facesheet was always the same or an exact
multiple of the core seed size. This method was
used to make sure the nodes on both parts lined up
for each new mesh. Plots of the mesh convergence
of each model are shown below.

The buckling model analysis used a linear
perturbation buckling step and went more smoothly
after the problems encountered in the indent model.
Both models were created in small increments, by
first using normally applied loads to the specimens
without the rigid tools, then adding the tools and
contact using fixed displacements, and then
growing to force and buckling analyses. This
method reduced the likelihood of errors
encountered.

Vertical Deflection, U2 (in)

0.035
0.030
0.025
0.020
0.015
0.010
0.005
0.000
0

The meshes for both models were checked for
convergence by increasing the number of degrees
of freedom until the desired output approached a
fixed value. The vertical deflection at the middle of
the facesheet was used for checking convergence
in the indent model. A picture of the point used to
check the deflection each time the mesh was
refined is shown below.
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Figure 7: Convergence plot for the indent model.
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Figure 8: Convergence plot for the buckling model.

Figure 6: Convergence of the indent model was
checked using the vertical deflection at the node
located where the two partitioning lines intersect.

From the behavior of the main outputs shown in the
above plots, the meshes used in each model have
been confirmed to be well converged. These
refined meshes were used in subsequent running
of each model and refining the meshes any more
would only increase computing time and not yield
any more precise results.

RESULTS
The indent and buckling models created were
successful in meeting the objectives outlined
earlier.

Table 3: Indent model deflection results with
comparison to hand calculations and testing.
Facesheet
Type

INDENT MODEL RESULTS
The indent model predicted the deflection of the
work surface under the 65lb testing load and
included the spherical tool geometry as desired.
The model predicted a 0.029in indent for the
[±45,02,±45] fiberglass layup. A contour plot of the
deflection is shown below.

Fiberglass

Method

Deflection
(in)

%
Difference

Hand
Calculation

0.027

-

FEA

0.029

7.41

Testing

0.031

-

FEA

0.029

-6.45

Aluminum

BUCKLING MODEL RESULTS
The buckling model successfully predicted the load
needed on the edge of the table to buckle the
fiberglass facesheets in the specific area that had
no core-to-skin bonding. This model also included
the tool geometry of the physical test. The buckling
load predicted by the model was 915lbs for the
[±45,02,±45] fiberglass layup with a 2.25in
unbonded section length. A contour plot of the first
buckling mode is shown below.

Figure 9: Contour plot of the deflection of the table
work surface under a 65lb indent load.
This deflection was also predicted using Winkler
Beam Theory (beam on an elastic foundation) in
order to compare with the FEA results. These hand
calculations are included in Appendix A, as well as
a Matlab script file created to do the same analysis
for many different layups. Results from the testing
of an existing table design were also used for
comparison to the finite element model. The table
tested uses the same honeycomb core but has
0.020in thick aluminum skins instead of the 0.035in
fiberglass skins. Revising the model to predict the
behavior of the aluminum table was simple by
adding the new material, creating a 0.020in shell,
and replacing the fiberglass section definition. The
results of the model with comparisons to the hand
calculations and testing are shown in the table that
follows.

Figure 10: Contour plot of the first buckling mode
of the table when loaded on the edge.
For assessing the accuracy of these results, the
buckling load was also predicted analytically by
considering the core and facesheets springs in
parallel and calculating the overall edge load
needed to reach the critical buckling load in one
facesheet. Classical Lamination Theory for
composites was used to obtain an effective EI term
for the fiberglass “wide beam” to be used in the

buckling formula. This analysis was also set up in
Matlab and a copy of the hand calculations and the
script file are provided in Appendix B. In addition,
testing results from the same aluminum facesheet
table discussed earlier was used for comparing to
the FEA results. The aluminum table was analyzed
in the model by making the same modifications as
in the indent model. The unbonded section on this
table was 2.0in long. Buckling results from the FE
model with comparison to the hand calculations
and testing are shown below.
Table 4: Buckling model results with comparison to
the hand calculations and testing.
Facesheet
Type

Fiberglass

Method

Buckling
Load (lb)

%
Difference

Hand
Calculation

1045

-

FEA

915

-12.44

Testing

1400

-

Aluminum
FEA

1368

-2.29

DISCUSSION
The indent model and the edge buckling model
yielded visually reasonable results that agreed fairly
well with both hand calculations and previous
testing. The contour plots for the deformation of the
work surface and the buckling mode shape of the
skins looked very much like the physical specimens
after testing.
COMPARISON OF RESULTS
The largest discrepancy in results occurred
between the FEA prediction and the hand
calculation for the buckling of the fiberglass
facesheet table. This difference in prediction was
12.44%, which is not surprising considering the
buckling of the fiberglass skins was the hardest
case to predict analytically. As discussed earlier,
Classical Lamination Theory was used for the hand
calculation, which considered the skin a finitely
wide beam with a uniform edge load applied. The
actual loading conditions on the edge of the table
as applied by the test fixture are most likely not
uniform and determining the correct beam width to
use in the calculations was difficult. The FEA

prediction for buckling of the aluminum facesheet
table agreed much more closely with the actual
testing results, which is more important in
evaluating the accuracy of the developed model.
The discrepancy between the indent model
predictions and the hand calculation were most
likely due to similar reasons as the buckling model
discrepancy. Winkler Beam Theory, used to predict
the indent deformations, also assumes the
facesheet is a beam of finite with uniform
transverse loading. The value for the width of the
beam to use in the hand calculations is hard to
estimate. Finally, the discrepancy between the
indent model prediction and tests results is
probably caused by the use of a tie constraint
between the facesheet and core for the area of
bonding in the model. The actual bond is not
perfect and stretching or breaking of the adhesive
is likely to occur in the real test, which explains why
the actual deformation was deeper than that
predicted by the FEA.
SIGNIFICANCE OF RESULTS
Overall, the agreement between the finite element
model predictions, hand calculations, and test
results have provided confidence that the model is
reasonably accurate in predicting the behavior of
different facesheet material options. Based on the
output from the model, the [±45,02,±45] fiberglass
layup has been tentatively chosen for use on the
new energy absorbing table design with a 2.25in
unbond section length. The predicted 0.029in
indent depth and 915lb buckling load using the
developed FE model fall successfully within the
engineering specifications that were outlined for the
table.
MOVING FORWARD
Now that the fiberglass layup and unbond section
length have been chosen, several test specimens
will be built to replicate what was modeled in the
FEA. The first of these specimens will consist of
three inch square sandwich structure coupons that
will be indent testing according to the established
procedures. The results of these tests will be
compared with the indent model predictions and the
layup can then be evaluated against the
specifications to make absolutely sure it will be
adequate. Once confirmed, a tabletop will be built
for quasi-static testing to determine the edge
buckling load for comparison to the respective
model. Discrepancies between the FEA and testing
can be resolved with revisions in ABAQUS and any
redesign of the facesheet material can take place

using these new FEA tools. The core and
facesheets in both the indent and buckling models
can easily be altered by assigning new materials,
defining new layups and thicknesses, or rotating
the directionality of the orthotropic properties.

ACKNOWLEDGEMENTS

Further development of the table buckling model is
also underway to characterize the plastic crushing
of the sandwich structure once buckling of the
facesheets has occurred. Plastic material data for
the honeycomb core has been gathered from
testing and so far an initial non-linear run of just the
core material has been completed in ABAQUS. The
next steps are to add the facesheets and then
compare the results to quasi-static crush testing of
the existing aluminum facesheet table design.

REFERENCES

Much thanks to Dr. Peter Schuster and Dr. Joseph
Mello for assistance in developing both of the finite
element models discussed in this report.

1.

Logan, Daryl L. A First Course in the Finite
Element Method, Fourth Edition. Toronto:
Thomson Canada Limited, 2007.

2.

Budynas, Richard G., J. Keith Nisbett.
Shigley’s Mechanical Engineering Design,
Eighth Edition. New York: McGraw Hill, 2008.

3.

Agarwal, Bhagwan D., Lawrence J. Broutman,
K. Chandrashekhara. Analysis and
Performance of Fiber Composites, Third
Edition. New Jersey: John Wiley & Sons, 2006.

CONCLUSION
The two tabletop finite element models developed
were successful in predicting the indent depth and
buckling force when loaded similarly to the physical
tests. Both models were created using 3-D solid
elements for the honeycomb core, 3-D composite
shells for the facesheets, and rigid parts for the
loading tools. The meshes of each model were
carefully monitored and confirmed to be converged.
The indent depth predicted under a 65lb load was
0.029in and the buckling load was 915lbs when
loaded on the edge for the [±45,02,±45] fiberglass
layup with a 2.25in unbonded section length. The
discrepancies between the FE results, hand
calculations, and testing are considered acceptable
based on the methods used in predicting the values
analytically and the known differences between the
models and physical conditions. Based on the FEA
results, the fiberglass layup chosen has been
confirmed for use on the new energy absorbing
table design for the 2009-2010 senior project. An
actual table will be built using this layup and used
to verify its capability in meeting the engineering
specifications. However, if future design work is
needed for the table project, the finite element
models can be broadly applied to new layups and
materials. These models can also serve as a
starting point for developing new FE tools in the
future that may include non-linearity or dynamic
analyses.
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Appendix G
Product Data Sheets
1. Plascore PAMG-6.0-1/4-.003 5052 Aluminum Honeycomb
2. Tap Plastics High-Performance Marine Vinyl Ester Resin
3. JD Lincoln L-303 Film Adhesive
4. ResinLab EP1200 Black Epoxy
5. 3M Scotch-Weld Acrylic Adhesive
6. Wilcoxon 786A General Purpose Accelerometer
7. Vishay Micro-Measurements CEA-06-120UW-120 Strain Gage

PAMG-XR1 5052
Aluminum Honeycomb
Description:
PAMG-XR1 5052 aerospace grade aluminum honeycomb is a lightweight core material which offers superior
strength and corrosion resistance over commercial grade aluminum honeycomb. PAMG-XR1 5052 honeycomb
is made from 5052 aluminum alloy foil and meets all the requirements of MIL-C-7438.

Applications:
PAMG-XR1 5052 honeycomb uses include aircraft floors, aircraft leading and trailing edges, missile wings,
fan casings, fuel cells, fuselage components, helicopter rotor blades and navy bulkhead joiner panels, energy
absorption, air/light directionalization and EMI/RFI shielding. PAMG-XR1 5052 honeycomb is suitable for
applications where materials conforming to MIL-C-7438 are required.

Features:

Availability:

• Elevated use temperatures

PAMG-XR1 5052 honeycomb is available in four forms: unexpanded
blocks, unexpanded slices, untrimmed expanded sheets and cut to
size expanded sheets. It is also available with or without cell
perforations to facilitate cell venting for certain applications.

• High thermal conductivity
• Flame resistant
• Excellent moisture and
corrosion resistance
• Fungi resistant
• Low weight / High strength

Cell Sizes:

1/8" - 3/8"

Densities:

1.0 pcf - 8.1 pcf

Sheet “Ribbon” (L):

48" typical

Sheet “Transverse” (W):

96" typical

Tolerances:

Length:
Width:
Thickness:
Density:
Cell Size:

NOTE:

+ 6", - 0"
+ 6", - 0"
± .005" (under 4" thick)
± 10%
± 10%

Special dimensions, sizes, tolerances, CNC machining
and die cut to size can be provided upon request.

Plascore, Inc. employs a quality management system in the manufacture of honeycomb core and composite
panels that is ISO 9001:2000 certified.

PAMG-XR1 5052 aluminum honeycomb is specified as follows:
Material - Density - Cell Size - Foil Thickness - Perforated - Alloy
The nominal density in pounds per cubic foot

Designates aluminum military grade

Designates the foil thickness in inches

Example:

PAMG - XR1 - 3.0 - 3/8 - .002 - P - 5052

Designates XR1 corrosion coating

Designates the
alloy of the foil

Cell size in inches
Indicates cell walls are perforated

PAMG-XR1 5052 Mechanical Properties
PLASCORE ® Honeycomb
Designation

Bare Compressive

Cell Size

Foil Gauge

Nominal
Density
pcf

strength psi

modulus ksi

1/8
1/8
1/8
1/8
3/16
3/16
3/16
3/16
3/16
1/4
1/4
1/4
1/4
1/4
1/4
1/4
3/8
3/8
3/8
3/8
3/8
3/8

.0007
.001
.0015
.002
.001
.0015
.002
.0025
.003
.0007
.001
.0015
.002
.0025
.003
.004
.0007
.0015
.002
.0025
.003
.004

3.1
4.5
6.1
8.1
3.1
4.4
5.7
6.9
8.1
1.6
2.3
3.4
4.3
5.2
6.0
7.9
1.0
2.3
3.0
3.7
4.2
5.4

270
520
870
1400
270
500
770
1080
1400
85
165
320
480
670
850
1360
30
165
260
370
460
720

75
150
240
350
75
145
220
285
350
20
45
90
140
190
235
340
10
45
70
105
135
200

Plate Shear
strength psi

modulus ksi

“L”

“W”

“L”

“W”

210
340
505
725
210
330
460
590
725
85
140
235
320
410
495
700
45
140
200
260
310
430

130
220
320
455
130
215
300
375
455
50
85
150
210
265
315
440
30
85
125
170
200
280

45
70
98
135
45
68
90
114
135
21
32
50
66
82
96
130
12
32
43
55
65
86

22
31
41
54
22
30
38
46
54
11
16
24
29
35
40
52
7
16
21
26
29
36

Tested at 0.625” per MIL-C-7438 at room temperature.

IMPORTANT NOTICE: The information herein regarding our products, equipment and processes is believed to be reliable and to the best of our knowledge. We do not warrant the accuracy and
completeness of any such information, whether expressed or implied, including warranties of fitness for a particular purpose. It is the user’s or purchaser’s responsibility to undertake sufficient
testing to verify the suitability of our products for their own particular purpose. The information contained herein shall not be construed as inducement, permission or recommendation to infringe
upon any patent rights or other rights of third parties.
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Europe

Plascore Incorporated
615 N. Fairview St.
Zeeland, MI 49464-0170

Plascore GmbH&CoKG
Feldborn 6
D-55444 Waldlaubersheim
Germany

Phone
Toll Free
Fax		
Email		
Web		
© Copyright Plascore Incorporated. 5/1/08
® Plascore and the Plascore logo are registered trademarks of Plascore Incorporated, Zeeland, Michigan.

(616) 772-1220
(800) 630-9257
(616) 772-1289
sales@plascore.com
www.plascore.com

Phone
Fax		
Email		
Web		

+49(0) 6707-9143 13
+49(0) 6707-9143 40
sales.europe@plascore.com
www.plascore.de

Technical Data

the fantastic plastic place

High-Performance Marine Vinyl Ester Resin

Description of Resin • TAP Marine Vinyl Ester Resin is a pre-promoted, thixotropic, vinyl ester resin suitable for fabricating small to large
FRP structures with high production rates at room temperature. TAP Vinyl Ester Resin is formulated for curing at room temperature with
TAP MEKP Catalyst. Suitable for hand lay-up.
Features

Beneﬁts

• Low water absorption rate

• Superior blister resistance

• Quick cure version

• Fast barcol development in skin coats

• High strength and toughness

• Excellent resistance to impact, thermal, and de-molding cracks

• Tack-free surface

• Faster lamination and buildup layers

• Improved proﬁle

• Minimized print-through for smooth surfaces

• Wets out reinforcements rapidly

• Minimized voids and resin-starved areas

• High heat distortion temperature

• Easy maintenance of resin-to-glass ratio

• Stable gel time

• Retention of physical properties at elevated temperatures

• Manufactured using statistical

• Consistent gel and cure time at various catalyst levels

process and quality controls

• Consistent performance batch to batch

Typical Liquid Properties @ 25°C
Viscosity (Brookﬁeld LVF#3 @ 60 RPM), cps

500.

Non-Volatiles, %

55.

Weight per gallon, lb

8.7

Thixotropic Index

3.0

Flash Point (Seta closed cup), °C (°F)

31.6 (89)

Shelf Life (minimum), months
Color

3
opaque amber

Typical Mechanical Properties

ASTM Test

Clear

Method

Casting

Barcol Hardness

D-2583

Heat Distortion Temperature, °C (°F)

D-648

116.(241)

Flexural Strength, psi

D-790

21,000

Flexural Modulus, x 10 psi

D-790

5.1

Tensile Strength, psi

D-638

12,000

Tensile Modulus, x 10 psi

D-638

5.1

Tensile Elongation @ Break, %

D-638

4.0

Water Absorption 24 hr @ 25°C, % weight gain

D-570

0.17

Water Absorption 2 hr @ 100°C, % weight gain

D-570

0.59

5

5
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Marine Vinyl Ester Resin • 2
Curing Conditions • Cure initiated with 1.25 wt% TAP MEKP Catalyst. Clear casting cured overnight at room temperature, then postcured 2 hours at 150°F and 2 hours at 250°F. TAP Vinyl Ester Resin is formulated for use with TAP MEKP Catalyst. Use of another catalyst
may result in inconsistent properties.
Handling • TAP Marine Vinyl Ester Resins are pre-promoted to cure at room temperature upon adding TAP MEKP Catalyst. As with all
polyesters rate and degree of cure are functions of catalyst concentration and of temperature. Resin and work area should be between
24°C (75°F) and 35°C (95°F) to ensure satisfactory results. Catalyst levels should be within a range of 1.0-2.5% based on weight of resin.
The use of catalyst levels outside of this range may result in inadequate cure, with laminates exhibiting moderate to severe post-cure after
de-molding.
Certain precautions are required to ensure proper secondary bond performance. Secondary bonding will be adversely affected in resinrich areas or in laminates that have been exposed to heat or direct sunlight for an extended period of time. Contamination of the primary
laminate (e.g., grinding dust, oil, moisture, waxes, or release agents, etc.) will also adversely affect secondary bond performance. If any
of these conditions occur, or if greater than 48 hours has lapsed, thorough sanding and cleaning of the substrate is recommended prior to
secondary laminate application.
Storage • To ensure maximum stability and maintain optimum resin properties, resins should be stored in closed containers at temperatures below 75°F (25°C) and away from heat sources and sunlight.
For information on other TAP resins, contact your TAP salesperson.
How Supplied • TAP supplies High-Performance Marine Vinyl Ester Resin in quart, gallon, 5-gallon sizes.
Safety • Work only in well-ventilated areas. Wear protective chemical splash goggles and rubber gloves. Avoid contact with skin. Wash
hands with soap and warm water after use.
Directly mixing any organic peroxide with a metal soap, amine, or other polymerization accelerator or promoter will result in violent decomposition.
Important • Work only in well-ventilated areas. Wear protective chemical splash goggles and rubber gloves. Avoid contact with skin.
Wash hands with soap and warm water after use.

Visit our website: tapplastics.com
TAP Plastics Corporate Ofﬁce • 6475 Sierra Lane • Dublin, CA 94568 • 925.829.4889 • Fax 925.829.6921
15 TAP stores in Northern California • 2 in Oregon • 2 in Washington
For the location nearest you call 1 800 246-5055

L-303
Film Adhesive,
Flame Retardant

851 W. 18th Street
Costa Mesa, CA 92627
(949) 650-8106 Fax:(949) 631-6190
www.jdlincoln.com

Product Data Sheet

Revised: 3/17/09

Description
L-303 is a 250°F (121°C) curing, high peel strength, flame retardant, modified epoxy film adhesive. L-303
is intended to be used for structural bonding of aluminum, fiberglass, aramid, and other structural
materials to themselves and to various types of core materials such as aluminum, aramid/phenolic, PVC
foam, and paper for sandwich construction.

Advantages of L-303


The high peel strength and high toughness of L-303 allow the designer to use this material in high
abuse areas such as aircraft interiors, cargo systems, marine structural bulkheads, etc.



L-303 is very easy to process through a wide variety of cure temperatures and pressures. Curing
may occur in autoclave, press, or vacuum bag from 90 minutes at 235°F (113°C) or in just 40
minutes at 275°F (135°C) with contact pressure (235°F temperatures are recommended for
urethane or PVC core).



With dry subcomponents, ‘in-hot / out-hot’ press cycles may be developed by the user.

Physical Properties


Standard Weight:

0.060 lbs/ft2 (292 g/m2)



Optional Weights:

0.030 lbs/ft2, 0.045 lbs/ft2, 0.075 lbs/ft2, 0.090 lbs/ft2



Standard Thickness:

0.012“ (0.30 mm)



Volatile Content:

Less than 0.5%



Tack:

Slightly Tacky

Availability


48” Wide Rolls x 100 Yards Long (122 cm x 91 m)

Shelf Life


6 months at 40°F (4°C)



5 days at Room Temperature (70°F or 21°C)

Cure Cycles


40 minutes at 275°F (135°C), or



60 minutes at 250°F (121°C), or



90 minutes at 235°F (113°C).
L-303

Adhesive Primers
L-303 is compatible with:


L-309 Corrosion Inhibiting Primer



L-312 Adhesive Primer



L-319-1 Corrosion Inhibiting Adhesive Primer

Applicable Documents


MMM-A-132



MIL-A-25463

Average Mechanical Properties

PROPERTY

0.060 PSF (292 GSM) FILM
25 PSI (0.172 MPa) CURE
VACUUM BAG CURE

TEST
METHOD

TENSILE SHEAR
STRENGTH
-67°F (-55°C)
ROOM TEMP
180°F (82°C)

5,400 PSI (37.2 MPa)
5,200 PSI (37.2 MPa)
3,100 PSI (21.3 MPa)

5,000 PSI (34.5 MPa)
5,100 PSI (35.2 MPa)
2,800 PSI (19.3 MPa)

MMM-A-132
MMM-A-132
MMM-A-132

SANDWICH PEEL
STRENGTH
-67°F (-55°C)
ROOM TEMP
180°F (82°C)

9 in lb/in (40.1 Nm/m)
14 in lb/in (62.3 Nm/m)
14 in lb/in (62.3 Nm/m)

14 in lb/in (62.3 Nm/m)
-

MIL-A-25463
MIL-A-25463
MIL-A-25463

FLATWISE TENSILE
STRENGTH
-67°F (-55°C)
ROOM TEMP
180°F (82°C)

1,200 PSI (8.3 MPa)
1,150 PSI (7.9 MPa)
850 PSI (5.9 MPa)

1,050 PSI (7.2 MPa)
-

MIL-A-25463
MIL-A-25463
MIL-A-25463

FLEXURAL STRENGTH
-67°F (-55°C)
ROOM TEMP
180°F (82°C)

2,000 PSI (13.8 MPa)
2,400 PSI (16.5 MPa)
1,900 PSI (13.1 MPa)

2,200 PSI (15.2 MPa)
-

MIL-A-25463
MIL-A-25463
MIL-A-25463

NOTICE:
Product data and parameters cited in this publication have been obtained in J.D. Lincoln, Inc. laboratories using the materials under
carefully controlled conditions. The information, therefore, is believed to be accurate and correctly stated. Data of this type may be
considered to be indicative of representative properties obtainable.

J.D. Lincoln, Inc. cannot accept responsibility for the

misapplication of these products, nor for their use under uncontrolled conditions. Numerical values resulting from the application of
this material are dependant on processing details. It is recommended that the user develop his or her own application techniques
and generate data consistent with his or her specific application and process.

L-303
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262-502-6610 FAX 262-502-4743

DESCRIPTION:
Resinlab™ EP1200 Black is a highly filled, medium viscosity black casting resin designed for applications requiring a
high degree of thermal conductivity, flexibility and a low CTE. It meets the requirements of UL Standard 94 for a
horizontal burn rating at 1/4" thickness. It was especially formulated to a 1:1 mix ratio for use in MMD equipment or sideby side cartridges. It contains abrasive aluminum oxide filler which can introduce wear considerations for wetted
components. It shows very good stability in side-by-side cartridges. Cure is normally achieved at room temperature
although an elevated cure schedule can be used to reach final properties quickly. This product was designed to be cured
in less than 2 hours at 65oC for ease of processing and also to reduce viscosity.
It was especially formulated to a 1A:1B volume mix ratio for use in side-by-side dispensing cartridges and meter/mix and
dispense equipment. Times and temperatures from 2 hours at 65oC to 10 minutes at 100oC are typical for small castings
(less than 100 grams).

TYPICAL PROPERTIES:
All properties given are at 25oC unless otherwise noted.
PROPERTY:

VALUE:

Color

Black

Viscosity
RVT, #7, 2.5 RPM
RVT, #7, 2.5 RPM

TEST METHOD:

TM R050-12
Part A
Part B
Mixed

56,000 cps (mPa·s)
32,000 cps (mPa·s)
45,000 cps (mPa·s)

Part A
Part B
Mixed

2.00
1.98
2.00

TM R050-16

Pot Life
Mass

120-150 min.
100 grams

TM R050-19

Hardness
Scale

95
Shore-A

TM R050-17

Water Absorption
24 hours

0.24 %

TM R050-35

Temperature Range **

-40 to 150o C

Specific Gravity

____________________________________________________________________________________________________________
____________________________________________________________________________________________________________
RESINLAB L.L.C. MAKES NO EXPRESS OR IMPLIED WARRANTIES OR MERCHANTABILITY, FITNESS OR OTHERWISE with respect to its products. In addition, while the information contained
herein is believed to be reliable, no warranty is expressed or implied regarding the accuracy of the data or the results to be obtained from the use thereof. All recommendations or suggestions for use are
made without guarantee inasmuch as conditions of use are beyond our control. The properties given are typical values and are not intended for use in preparing specifications. Users should make their
own test to determine the suitability of this product for their own purposes.
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PROPERTY:

VALUE:

Tensile

PSI
300
1,600
1,600
15-18 %
25,000

172.4

1,800

12.4

4,000
6,500
5,500
50,000

27.6
44.8
37.9
344.8

Yield Strength
Ultimate Strength
Break Strength
Elongation At Break
Modulus
Lap Shear Strength
(2024 T3 Al Abraded / MEK Wipe)
Compressive
Yield Strength
Ultimate Strength
Break Strength
Modulus

TEST METHOD:
N/mm2
2.1
11.0
11.0

TM R050-36

TM R050-37

TM R050-38

Tensile Stress-Strain for EP 1200

Compressive Stress-Strain for EP 1200
7000

1800

1600
6000
1400
5000

S tr e s s (P S I)

S tr e s s (P S I)

1200

1000

800

4000

3000

600
2000
400
1000
200

0

0
0

5

10

15

% Strain

20

25

30

0

5

10

15

20

25

% Strain
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made without guarantee inasmuch as conditions of use are beyond our control. The properties given are typical values and are not intended for use in preparing specifications. Users should make their
own test to determine the suitability of this product for their own purposes.
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PROPERTY:

VALUE:

Linear Coefficient
of Thermal Expansion

45 ppm/ oC (below Tg)*
149 ppm/ oC (above Tg)*

Thermal Conductivity

7.20 BTU-in/(hr·ft2·°F) *
1.04 W/m o K *

Dielectric Constant
(25 o C, 100Hz)

3.99 *

Dielectric Strength

400 V/mil *
15.7 kV/mm *

Volume Resistivity

7.6 x 1013 ohm-cm *

Glass Transition Temp
Exothermic Energy
Onset Temp
(by DSC)

28oC
23.6 J/g
49oC

Sample: EP1200
Size: 40.0000 mg
Method: 200 C full cure
Comment: 200C Full Cure + -40 Tg

TEST METHOD:

TM R050-25

File: Z:...\DSC\EP 1200\EP 1200.001
Operator: PR
Run Date: 10-Jul-01 19:40

DSC

0.6

0.4

Heat Flow (W/g)

0.2

0.0

110.80°C

-0.2

49.86°C

62.61°C
23.60J/g

28.51°C(I)

-0.4

-0.6
-50
Exo Up

0

50

100

Temperature (°C)

150

200
Universal V3.0G TA Instruments

____________________________________________________________________________________________________________
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own test to determine the suitability of this product for their own purposes.
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CURE SCHEDULE:

24 – 72 hours at 25°C
or 2 hours @ 65°C

INSTRUCTIONS:
1. Bring both components to room temperature prior to mixing. Part A and B contains fillers which will settle over
time. Product should be stirred until homogenous before use. Cartridges should be stored on their sides in a cool,
dry place, rotating occasionally to minimize settling and allow for the optimum uniformity of filler within the barrel.
2. If used in bulk, weigh and mix parts A and B accurately and thoroughly, scraping sides of container often. Do not
pour from mixing container, transfer to a new container as residual unmixed material may cause a tacky spot on
surface of casting. If product is used in a side-by-side cartridge, attach a new static mixer with each cartridge,
pre-bleed the first 3 inches of dispensed material or until a uniform color is obtained. Maintain adequate velocity
during dispensing to ensure complete mixing.
3. Allow to cure undisturbed until product is fully gelled or tack-free to the touch.
4. Clean up uncured resin with suitable organic solvent such as MEK, acetone or other organic solvent.

SIDE - BY - SIDE CARTRIDGE SUITABILITY RATING
POOR

FAIR

AVERAGE

GOOD

EXCELLENT

This rating scale is a general guideline to give the user an expected level of success in a typical bench-top dispensing
scenario.
Important process variables to consider are: Cartridge type and size, wall thickness; manual or pneumatic gun type; static
mixer design and dimensions; product viscosity spread and ratio; shot size, shot frequency, flow rate; temperature range
during use.
This scale also address’s product stability in a cartridge. Factors such as filler content and settling rate, storage
temperature and cartridge orientation are important factors which affect this.
It is important for the user to define the optimum static mix for each dispensing process, a change in any of the above
variables can affect the mix quality. Dispensing the product on a flat surface using the dispensing pattern can help show
the quality of mixing in terms of thoroughness and lead/lag consistency.

MIX RATIO:

Part A to B
by weight
by volume

1 to 1
1 to 1

* Asterisk denotes values considered typical to associated resin systems or extrapolated from other test results.
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Notes:
Values presented above are considered to be typical properties, not to be used for specification purposes. Contact our
Technical Department for further information.
Many epoxy resin systems are prone to crystallization as epoxy resin is a super-cooled fluid. This condition may give the
product a gritty or grainy appearance (or hazy in clear products). Products in this state will not usually cure to normal and
expected properties. In extreme cases it may appear solid and cured. Fluctuating temperatures (within 5 to 50°C)
aggravate this phenomena. Heating the individual component to 50 to 60°C while stirring can usually restore products to
original state. Storage at 25 +/- 10°C is optimum for most products.

SHELF LIFE:

6 months @ 10oC or 3 months @ 25oC
Specialty packaging may be less

____________________________________________________________________________________________________________
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Product Description

3M TM Scotch-WeldTM Acrylic Adhesives DP805 and DP820 are two-part, 1:1 mix
ratio, toughened acrylic structural adhesives. They exhibit excellent shear and peel
strengths along with good impact and durability and bond well to many metals,
ceramics, wood and most plastics.

Features

• Excellent shear and peel strengths

• Easy mixing

• 5 minute worklife (Scotch-Weld acrylic adhesive DP805)
20 minute worklife (Scotch-Weld acrylic adhesive DP820)

• Non-sag

• Minimal surface preparation

• 1:1 mix ratio

Typical Uncured
Physical Properties

Note: The following technical information and data should be considered representative
or typical only and should not be used for specification purposes.
Product

Scotch-Weld
Acrylic Adhesive
DP805

Scotch-Weld
Acrylic Adhesive
DP820

Color

Base (B)
Accelerator (A)

Off-White
Yellow

Off-White
Yellow

Net Weight
(Lbs./Gallon)

Base (B)
Accelerator (A)

8.4
8.1

8.6
8.1

Viscosity1
@ 73°F (23°C)

Base (B)
Accelerator (A)

75,000 cps
150,000 cps

70,000 cps
45,000 cps

Acrylic

Acrylic

1:1
1:1

1:1
1:1

3-4 minutes

15-20 minutes

3 minutes

15 minutes

7-10 minutes

30-40 minutes

Base Resin
Mix Ratio (B:A)

By Volume
By Weight

Worklife2
@ 73°F (23°C)

Nozzle mixed

Applied Open Time3
Time to Handling Strength4
1. Brookfield RVF #7 spindle at 20 rpm.

2. Approximate time during which material can remain in a mixer nozzle and still be expelled without undue force on the applicator.
3. Approximate time after application of adhesive that bonds can be made without adversely affecting wetting out of adhesive and
ultimate performance levels.
4. Time to achieve approx. 50 psi Overlap Shear Strength (OLS) when cured at (73°F) 23°C.

3M™ Scotch-Weld™
Acrylic Adhesives
DP805 • DP820
Typical Cured
Properties

Note: The following technical information and data should be considered representative
or typical only and should not be used for specification purposes.

Physical
Product

3M™ Scotch-Weld™
Acrylic Adhesive
DP805

3M™ Scotch-Weld™
Acrylic Adhesive
DP820

Pale Yellow

Pale Yellow

79

75

8-24 hrs. @ 73°F (23°C)

24-48 hrs. @ 73°F (23°C)

30%

50-75%

3200 psi

—

Scotch-Weld
Acrylic Adhesive
DP805

Scotch-Weld
Acrylic Adhesive
DP820

Glass Transition Temperature8 (Tg)

140°F (60°C)

136°F (58°C)

Coefficient of Thermal Expansion9
(units/units/°C)

105 x 10-6
60-212°F (20-100°C)

180 x 10-6
68-158°F (20-70°C)

Weight Loss at Temperature10
by Thermal Gravimetric Analysis (TGA)

1% @ 275°F (135°C)
5% @ 451°F (233°C)

1% @ 266°F (130°C)
5% @ 446°F (230°C)

Scotch-Weld
Acrylic Adhesive
DP805

Scotch-Weld
Acrylic Adhesive
DP820

Dielectric Constant11

3.6 @ 500 Hz
3.6 @ 1 KHz
3.5 @ 10 KHz
3.4 @ 100 KHz

3.1 @ 500 Hz
3.0 @ 1 KHz
2.8 @ 10 KHz
2.8 @ 100 KHz

Dissipation Factor11

0.046 @ 500 Hz
0.037 @ 1 KHz
0.023 @ 10 KHz
0.018 @ 100 KHz

0.083 @ 500 Hz
0.065 @ 1 KHz
0.032 @ 10 KHz
0.022 @ 100 KHz

Volume Resistivity12

1.1 x 1014 ohm-cm

2.2 x 1012 ohm-cm

Dielectric Strength13

—

3500 volts/mil

Surface Resistivity12

2.1 x 1015 ohms

1.6 x 1014 ohms

Color
Shore D Hardness5
Full Cure Time6
7

Elongation

7

Tensile Strength

Thermal
Product

Electrical
Product

5. ASTM D-2240.
6. Time to develop 80% of maximum overlap shear values.
7. Tensile and Elongation. Used procedure in 3M Test Method C-3094/ASTM D-882. Samples were 2 in. dumbbells with 0.125 in. neck and
.030 in. sample thickness. Separation rate was 2 inches per minute.
8. Determined using DSC and heating rate of 68°F (20°C) per minute.
9. Determined using Thermal Mechanical Analysis (TMA) and heating rate of 41°F (5°C) per minute. First heat values given.
10. By TGA in air at 50°F (10°C)/min. TGA-7.
11. ASTM D-150 at 73°F (23°C).
12. ASTM D-257 at 73°F (23°C).
13. ASTM D-149 at 73°F (23°C). Sample thickness 14 mils.
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3M™ Scotch-Weld™
Acrylic Adhesives
DP805 • DP820
Typical Adhesive
Performance
Characteristics

Note: The following technical information and data should be considered representative
or typical only and should not be used for specification purposes.

Overlap Shear (OLS)14 to Various Substrates (psi)
Product

Aluminum - etched
Aluminum - (etched/oily)
Aluminum - (120 grit sandpaper)
Aluminum - (solvent cleaned only)
Cold Rolled Steel (CRS)
CRS (oily)
Copper
Galvanized Steel
FR-4 Glass Epoxy
Fiberglass Reinforced Plastic
ABS
PVC
Polycarbonate
Acrylic
Fir Wood

3M™ Scotch-Weld™
Acrylic Adhesive
DP805

3M™ Scotch-Weld™
Acrylic Adhesive
DP820

3500
3500
3200
900
2800
2700
900
1300
2500
600
1000
1750
950
1200
800

3200
2900
3100
300
2500
2400
—
1200
2000
700
1000
1750
1150
1250
1200

Overlap Shear14 (psi) CRS/CRS Tested After 7 Days of Immersion in the Following
Product

Control (no immersion)
Toluene
Machine Oil
IPA (isopropyl alcohol)
Gasoline
1,1,1-Trichloroethane
10% HCl
MEK (methyl ethyl ketone)
Acetone

Scotch-Weld
Acrylic Adhesive
DP805

Scotch-Weld
Acrylic Adhesive
DP820

2800
2650
2850
2650
2750
2550
800
<10
<10

2500
NR*
1950
1350
1500
NR*
NR*
NR*
NR*

*Not Recommended (NR)

Overlap Shear14 (FR-4/FR-4) Tested After Environmental Exposure (psi)
Product

Control (RT Aging)
248°F (120°C)/2 wks
194°F (90°C)/90% RH/2 wks
Tap Water 1 wk/RT
RT = Room Temperature

Scotch-Weld
Acrylic Adhesive
DP805

Scotch-Weld
Acrylic Adhesive
DP820

2500
2700
2600
2200

2000
3300
1600
1500

RH = Relative Humidity

14. Overlap Shear (ASTM D-1002-64) (3M TM C-236) strengths were measured on 1 in. wide 1/2 in. overlap specimens. These bonds were
made individually using 1 in. x 4 in. pieces of substrate. The thickness of the bond line was 0.005 - 0.008 in. All strengths were measured
at 73°F (23°C) except when noted. The separation rate of the testing jaws was 0.1 in. per minute for metals, 2 in. per minute for plastics
and 20 in. per minute for rubbers. The thickness of the substrates were: steel 0.035 in.; other metals: 0.05-0.064 in.; rubbers, 0.125 in.;
plastics, 0.125 in.
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3M™ Scotch-Weld™
Acrylic Adhesives
DP805 • DP820
Typical Adhesive
Performance
Characteristics
(continued)

Note: The following technical information and data should be considered representative
or typical only and should not be used for specification purposes.

Overlap Shear14 (CRS/CRS) Tested After Environmental Exposure (psi)
Product

3M™ Scotch-Weld™
Acrylic Adhesive
DP805

3M™ Scotch-Weld™
Acrylic Adhesive
DP820

2800
500
2200
2500

2500
300
850
850

Control (RT Aging)
248°F (120°C)/2 wks
194°F (90°C)/90% RH/2 wks
Tap Water 1 wk/RT
RT = Room Temperature

RH = Relative Humidity

Overlap Shear14 (Etched Alum./Etched Alum.) Tested at Various Temperatures (psi)
Product

-67°F (-55°C)
73°F (23°C)
180°F (83°C)
200°F (93°C)

Scotch-Weld
Acrylic Adhesive
DP805

Scotch-Weld
Acrylic Adhesive
DP820

2500
3500
2200
—

3100
3150
1900
1450

Overlap Shear14 of Heat/Temp. Aged Oil Surfaces (psi)
Product

Etched Alum (Oily)
120°F (49°C)/100% RH/4 wks
Etched Alum
200°F (93°C)/100% RH/2 wks
CRS (Oily)
120°F (49°C)/100% RH/2 wks

Scotch-Weld
Acrylic Adhesive
DP805

Scotch-Weld
Acrylic Adhesive
DP820

3500

1650

3300

1000

2600

1150

14. Overlap Shear (ASTM D-1002-64) (3M TM C-236) strengths were measured on 1 in. wide 1/2 in. overlap specimens. These bonds were
made individually using 1 in. x 4 in. pieces of substrate. The thickness of the bond line was 0.005 - 0.008 in. All strengths were measured
at 73°F (23°C) except when noted. The separation rate of the testing jaws was 0.1 in. per minute for metals, 2 in. per minute for plastics
and 20 in. per minute for rubbers. The thickness of the substrates were: steel 0.035 in.; other metals: 0.05-0.064 in.; rubbers, 0.125 in.;
plastics, 0.125 in.
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3M™ Scotch-Weld™
Acrylic Adhesives
DP805 • DP820
Typical Adhesive
Performance
Characteristics
(continued)

Note: The following technical information and data should be considered representative
or typical only and should not be used for specification purposes.

180° T-Peel Adhesion15, 16 (piw)
Peel Adhesion

Substrate

Test Temperature

Etched Al/Etched Al
Etched Al/Etched Al
Etched Al/Etched Al
Etched Al/Etched Al
Etched Al/Etched Al
Etched Al/Etched Al
Neoprene/CRS
Nitrile/CRS
Red SBR/CRS
Black SBR/CRS

3M™ Scotch-Weld™ 3M™ Scotch-Weld™
Acrylic Adhesive
Acrylic Adhesive
DP805
DP820

-67°F (-55°C)
73°F (23°C)
100°F (38°C)
130°F (54°C)
150°F (65°C)
180°F (83°C)
73°F (23°C)
73°F (23°C)
73°F (23°C)
73°F (23°C)

20
35
35
36
35
34
1617
4
1717
3

19
22
22
22
22
22
11
22
–
9

Rate of Strength Build-up OLS14 (psi)
Etched Al/Etched Al

OLS Bond Strength

Time Bonding to Testing

Scotch-Weld
Acrylic Adhesive DP805

Scotch-Weld
Acrylic Adhesive DP820

7 minutes
15 minutes
30 minutes
1 hour
2 hours
4 hours
1 day
2 days
7 days

125
1000
2000
2600
2800
3200
3500
3500
3500

—
—
40
900
1700
2750
3400
3450
3450

14. Overlap Shear (ASTM D-1002-64) (3M TM C-236) strengths were measured on 1 in. wide 1/2 in. overlap specimens. These bonds were
made individually using 1 in. x 4 in. pieces of substrate. The thickness of the bond line was 0.005 - 0.008 in. All strengths were measured
at 73°F (23°C) except when noted. The separation rate of the testing jaws was 0.1 in. per minute for metals, 2 in. per minute for plastics
and 20 in. per minute for rubbers. The thickness of the substrates were: steel 0.035 in.; other metals: 0.05-0.064 in.; rubbers, 0.125 in.;
plastics, 0.125 in.
15. Metal/metal bonds tested per 3M TM C-439 @ 20 in./min. at 73°F (23°C) substrate 0.020 in. thick. Metal/rubber bonds pulled at
10 in./min.
16. Rubber/metal bonds. Rubber sanded with 120 grit sandpaper then MEK wiped.
17. Rubber delamination/tear.
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3M™ Scotch-Weld™
Acrylic Adhesives
DP805 • DP820
Note: The data in this technical data sheet were generated using the 3MTM EPXTM Applicator System equipped with
an EPX static mixing nozzle, according to manufacturer’s directions. Thorough hand mixing should offer
comparable results.

Handling/
Curing
Information

Directions for Use
1. For high strength structural bonds, paint, oxide films, oils, dust, mold release agents and all
other surface contaminants must be completely removed. The amount of surface preparation
depends on the required bond strength, environmental aging resistance desired by user. For
suggested surface preparations on common substrates, see the section on surface preparation.
2. Mixing
For Duo-Pak Cartridges
3M™ Scotch-Weld™ Acrylic Adhesives DP805 and DP820 are supplied in a dual syringe
plastic duo-pak cartridge as part of the 3M™ EPX™ Applicator System. To use, simply insert
the duo-pak cartridge into the EPX applicator and start the plunger into the cylinders using
light pressure on the trigger. Next, remove the duo-pak cartridge cap and expel a small amount
of adhesive to be sure both sides of the duo-pak cartridge are flowing evenly and freely. If
automatic mixing of Part A and Part B is desired, attach the EPX mixing nozzle to the duo-pak
cartridge and begin dispensing the adhesive. For hand mixing, expel the desired amount of
adhesive and mix thoroughly. Mix approximately 15 seconds after uniform color is obtained.
For Bulk Containers
Mix thoroughly by weight or volume in the proportions specified on the product label or in
the typical uncured properties section. Mix approximately 15 seconds after uniform color is
obtained.
3. For maximum bond strength, apply adhesive evenly to both surfaces to be joined.
4. Application to the substrates should be made within 2 minutes for Scotch-Weld acrylic
adhesive DP805 or 15 minutes for Scotch-Weld acrylic adhesive DP820. Larger quantities
and/or higher temperatures will reduce this working time.
5. Join the adhesive coated surfaces and allow to cure at 60°F (16°C) or above until completely
firm. Heat up to 120°F-150°F (49°C-66°C) will speed up curing. Scotch-Weld acrylic adhesive
DP805 will fully cure in 8-24 hours @ 73°F (23°C) and Scotch-Weld acrylic adhesive DP820
will fully cure in 24-48 hours @ 73°F (23°C).
6. Keep parts from moving during cure. Contact pressure necessary. Maximum shear strength is
obtained with a 3-5 mil bond line.
7. Excess uncured adhesive can be cleaned up with ketone type solvents.*
8. Once Scotch-Weld acrylic adhesive DP805 has been applied to a surface, it is best to join the two
mating surfaces together as soon as possible. The reason for this is that after approximately one
minute Scotch-Weld acrylic adhesive DP805 may begin to form a very thin “skin” over the
exposed surface. If left exposed long enough (2-3 minutes), a thick enough “skin” may form
which will inhibit the proper wetting needed to achieve maximum performance. In instances
where an extended exposed open time is required, it is still possible to achieve excellent bonds
by coating both substrates to be joined and making the bond in such a manner as to rupture the
“skin” surface. Scotch-Weld acrylic adhesive DP820 does not exhibit this skinning characteristic.
*Note: When using solvents, extinguish all ignition sources, including pilot lights, and follow the
manufacturer’s precautions and directions for use.
Adhesive Coverage: A 0.005 in. thick bondline will yield a coverage of
320 sq. ft./gallon (typical).
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3M™ Scotch-Weld™
Acrylic Adhesives
DP805 • DP820
Surface Preparation

For high strength structural bonds, paint, oxide films, oils, dust, mold release agents
and all other surface contaminants must be completely removed. The amount of
surface preparation depends on the required bond strength, environmental aging
resistance desired by the user.
The following cleaning methods are suggested for common surfaces:
Steel:
1. Wipe free of dust with oil-free solvents such as acetone or isopropyl alcohol
solvents.*
2. Sandblast or abrade using clean fine grit abrasives.
3. Wipe again with solvent to remove loose particles.*
4. If a primer is used, it should be applied within 4 hours after surface preparation.
Aluminum:
1. Alkaline Degrease: Oakite 164 solution (9-11 oz./gallon water) at 190°F ± 10°F
(88°C ± 5°C) for 10-20 minutes. Rinse immediately in large quantities of cold
running water.
2. Acid Etch: Place panels in the following solution for 10 minutes at 150°F ± 5°F
(66°C ± 2°C).
Sodium Dichromate
Sulfuric Acid, 66°Be
2024-T3 aluminum (dissolved)
Tap water as needed for balance

4.1 - 4.9 oz./gallon
38.5 o 41.5 oz./gallon
0.2 oz./gallon minimum

3. Rinse: Rinse panels in clear running tap water.
4. Dry: Air dry 15 minutes; forced air dry 10 minutes at 190°F ± 10°F (88°C ± 5°C).
5. If primer is to be used, it should be applied within 4 hours after surface preparation
(or see instruction pertaining to a specific primer).
Plastics/Rubber:
1. Wipe with isopropyl alcohol.*
2. Abrade using fine grit abrasives.
3. Wipe with isopropyl alcohol.*
Glass:
1. Solvent wipe surface using acetone or MEK.*
2. Apply a thin coating (0.0001 in. or less) of 3M™ Scotch-Weld™ Metal Primer
EC3901 to the glass surfaces to be bonded and allow the primer to dry before
bonding.
*Note: When using solvents, extinguish all ignition sources, including pilot lights,
and follow the manufacturer’s precautions and directions for use.
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3M™ Scotch-Weld™
Acrylic Adhesives
DP805 • DP820
Storage

Store product in cool, dry area where temperature is less than 80°F (27°C).
Refrigerated storage (40°F to 55°F [4°C to 13°C]), but not frozen, is recommended
to extend the shelf life of the products further.

Shelf Life

When stored in its original unopened cartridges at temperatures below 80°F (27°C),
3M™ Scotch-Weld™ Acrylic Adhesive DP805 has a shelf life of nine months from
the date of shipment from 3M. Within this time period, short term exposure (less than
two weeks) to temperatures greater than 80°F (27°C), but less than 120°F (49°C),
are acceptable.
When stored in its original unopened cartridges at temperatures below 80°F (27°C),
3M™ Scotch-Weld™ Acrylic Adhesive DP820 has a shelf life of six months from
the date of shipment from 3M. Within this time period, short term exposure (less than
two weeks) to temperatures greater than 80°F (27°C), but less than 120°F (49°C),
are acceptable.
If product handling does not meet these conditions then a visual inspection of the
product during dispensing is recommended. Any appearance of gels in the mixing
nozzle or abnormally high viscosity that makes adhesive delivery difficult indicates
that the product should not be used.

Precautionary
Information

Refer to Product Label and Material Safety Data Sheet for health and safety information before using this
product. For additional health and safety information, call 1-800-364-3577 or (651) 737-6501.

Technical Information

The technical information, recommendations and other statements contained in this document are
based upon tests or experience that 3M believes are reliable, but the accuracy or completeness of such
information is not guaranteed.

Product Use

Many factors beyond 3M’s control and uniquely within user’s knowledge and control can affect the use
and performance of a 3M product in a particular application. Given the variety of factors that can affect
the use and performance of a 3M product, user is solely responsible for evaluating the 3M product and
determining whether it is fit for a particular purpose and suitable for user’s method of application.

Warranty,
Limited Remedy,
and Disclaimer

Unless an additional warranty is specifically stated on the applicable 3M product packaging or product
literature, 3M warrants that each 3M product meets the applicable 3M product specification at the time
3M ships the product. 3M MAKES NO OTHER WARRANTIES OR CONDITIONS, EXPRESS OR
IMPLIED, INCLUDING, BUT NOT LIMITED TO, ANY IMPLIED WARRANTY OR CONDITION OF
MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE OR ANY IMPLIED WARRANTY
OR CONDITION ARISING OUT OF A COURSE OF DEALING, CUSTOM OR USAGE OF TRADE.
If the 3M product does not conform to this warranty, then the sole and exclusive remedy is, at 3M’s
option, replacement of the 3M product or refund of the purchase price.

Limitation of Liability

Except where prohibited by law, 3M will not be liable for any loss or damage arising from the 3M product,
whether direct, indirect, special, incidental or consequential, regardless of the legal theory asserted,
including warranty, contract, negligence or strict liability.
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This Industrial Adhesives and Tapes Division product was manufactured under a 3M quality system registered to ISO 9001: 2000 standards.

ISO 9001: 2000

Industrial Adhesives and Tapes Division
3M Center, Building 225-3S-06
St. Paul, MN 55144-1000
800-362-3550 • 877-369-2923 (Fax)
www.3M.com/industrial

Recycled Paper
40% pre-consumer
10% post-consumer
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Model 786A
General purpose accelerometer
Dynamic

Sensitivity, ±5%, 25°C.................................................................
Acceleration range . ...................................................................
Amplitude nonlinearity...............................................................
Frequency response:
		
± 5%....................................................................................
		
±10%...................................................................................
		
± 3 dB..................................................................................
Resonance frequency.................................................................
Transverse sensitivity, max........................................................
Temperature response:
–50°C..................................................................................
		
+120°C................................................................................
				

100 mV/g
80 g peak
1%

Power requirement: voltage source ......................................
		
current regulating diode ......................
Electrical noise, equiv g:
		
Broadband
2.5 Hz to 25 kHz..........................................
		
Spectral
10 Hz..........................................
			
100 Hz..........................................
			
1000 Hz..........................................
Output impedance, max..............................................................
Bias output voltage.....................................................................
Grounding...................................................................................

18 - 30 VDC
2 - 10 mA

Electrical

Features
• Rugged design
• Corrosion resistant
• Hermetic seal
• Case isolated
• ESD protection
• Reverse wiring protection

Environmental

Temperature range.....................................................................
Vibration limit.............................................................................
Shock limit..................................................................................
Electromagnetic sensitivity, equiv g, max .................................
Sealing .......................................................................................
Base strain sensitivity, max........................................................

Physical

Sensing element design.............................................................
Weight.........................................................................................
Case material.............................................................................
Mounting.....................................................................................
Output connector........................................................................
Mating connector........................................................................
Recommended cabling...............................................................

MIL-C-5015
2 pin connector

2.08
Ø.86

Connector pin
Shell
A
B

3 - 5,000 Hz
1 - 9,000 Hz
0.5 - 14,000 Hz
30 kHz
5% of axial
–5%
+5%

700 µg
10 µg/√Hz
5 µg/√Hz
5 µg/√Hz
100 Ω
12 VDC
case isolated, internally
shielded
–50 to 120°C
500 g peak
5,000 g peak
70 µg/gauss
hermetic
0.0002 g/µstrain
PZT ceramic / shear
90 grams
316L stainless steel
1/4 - 28 UNF tapped hole
2 pin, MIL-C-5015 style
R6 type
J10 / J9T2A

Function
ground
power/ signal
common

Accessories supplied: SF6 mounting stud (International customers specify mounting
requirements); calibration data (level 2)
1/4-28 mounting stud

.15

Wilcoxon Research Inc
20511 Seneca Meadows Parkway
Germantown, MD 20876
USA
Tel: 301 330 8811
Fax: 301 330 8873
Email: wilcoxon@meggitt.com
www.meggitt.com

SLO Impact Systems
Due to continued research and product development, Wilcoxon Research reserves the right to amend this specification without notice.
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125UW
Vishay Micro-Measurements

General Purpose Strain Gages - Linear Pattern
GAGE PATTERN DATA
GAGE
DESIGNATION

RESISTANCE
(OHMS)

See Note 1

OPTIONS
AVAILABLE
See Note 2

CEA-XX-125UW-120
CEA-XX-125UW-350

120 ± 0.3%
350 ± 0.3%

P2
P2

actual size

DESCRIPTION
General-purpose gage. Exposed solder tab area 0.10 x
0.07 [2.5 x 1.8 mm]. See also 125UN pattern.

GAGE DIMENSIONS

Legend:

ES = Each Section

CP = Complete Pattern

S = Section (S1 = Sec 1)

M = Matrix

inch
millimeter

Gage Length

Overall Length

Grid Width

Overall Width

Matrix Length

Matrix Width

0.125

0.325

0.180

0.180

0.42

0.27

3.18

8.26

4.57

4.57

10.7

6.9

GAGE SERIES DATA
Series
CEA

See Gage Series data sheet for complete specifications.
Description

Universal general-purpose strain gages.

Strain Range

Temperature Range

±5%

–100° to +350°F [–75° to +175°C]

Note 1: Insert desired S-T-C number in spaces marked XX.
Note 2: Products with designations and options shown in bold are not RoHS compliant.

www.vishaymg.com
38

micro-measurements@vishay.com

Document Number: 11241
Revision: 04-Jun-09

Legal Disclaimer Notice
Vishay

Disclaimer
All product specifications and data are subject to change without notice.
Vishay Intertechnology, Inc., its affiliates, agents, and employees, and all persons acting on its or their behalf
(collectively, “Vishay”), disclaim any and all liability for any errors, inaccuracies or incompleteness contained herein
or in any other disclosure relating to any product.
Vishay disclaims any and all liability arising out of the use or application of any product described herein or of any
information provided herein to the maximum extent permitted by law. The product specifications do not expand or
otherwise modify Vishay’s terms and conditions of purchase, including but not limited to the warranty expressed
therein, which apply to these products.
No license, express or implied, by estoppel or otherwise, to any intellectual property rights is granted by this
document or by any conduct of Vishay.
The products shown herein are not designed for use in medical, life-saving, or life-sustaining applications unless
otherwise expressly indicated. Customers using or selling Vishay products not expressly indicated for use in such
applications do so entirely at their own risk and agree to fully indemnify Vishay for any damages arising or resulting
from such use or sale. Please contact authorized Vishay personnel to obtain written terms and conditions regarding
products designed for such applications.
Product names and markings noted herein may be trademarks of their respective owners.

Document Number: 91000
Revision: 18-Jul-08

www.vishay.com
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Appendix H
Vertical Static Loading Core Analysis

Appendix I
Hexcel’s Redux Bonding Technology

REDUX BONDING TECHNOLOGY

Almost everything that is made by industry has component
pieces which have to be joined together.

One of the most efficient methods of joining these
components is adhesive bonding.

This technique is capable of replacing or supplementing
traditional joining methods and has its own special
advantages.

This manual explains the technology of bonding in a stepby-step guide.

We have been developing and using adhesives for over 60
years. The Redux® trademark has achieved worldwide acclaim
for aerospace and industrial bonding.

Rev. July 2003
Publication No. RGU 034c
® Hexcel Registered Trademark
© Hexcel Corporation
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INTRODUCTION
Why Bond?
Bonding joints enables the design of smooth external
surfaces, and integrally sealed joints with minimum sensitivity to
crack propagation.

Adhesive bonding is a reliable, proven and widely established
technique for joining metals, plastics, composites and many
other substrates.

!

Metal bonding techniques were widely adopted and developed
during and after World War 2 by the aircraft industry, from
where they have subsequently spread to other sectors. Today,
designers and engineers can choose between adhesive
bonding, bolting, riveting, welding or soldering. In many cases
the more cost-effective method will be bonding.

!

Joints designed and bonded as recommended by Hexcel
have several advantages over those made by traditional
methods:

Bonded joints impart a stiffening effect compared with
riveting or spot welding.
The diagram below shows how a joint may be designed to take
advantage of the stiffening effect of bonding.
Adhesives form a continuous bond between the joint surfaces.
Rivets and spot welds pin the surfaces together only at
localised points.
Bonded structures are consequently much stiffer and loading
may be increased (by up to 30-100%) before buckling occurs.

Bonding eliminates the need for holes and avoids subjecting
the joint to welding temperatures that weaken metals. The
cured adhesive, unlike rivets or bolts, ensures even distribution
of stresses which leads to improved fatigue performances.
!

mechanical joint

mechanical joint

bonded joint

The riveted joint is highly stressed in the vicinity of the rivets (as
shown by the arrows in the above diagram) and failure tends to
initiate in these areas of peak stress. A similar distribution of
stress occurs with spot welds and bolts.
The bonded joint, however, is uniformly stressed. A continuous
welded joint is likewise uniformly stressed but the metal in the
heated zone will have undergone a change in performance.
!

Bonding saves weight.

! On large area joints, bonded assemblies are generally less
costly than their mechanical joint counterparts; simpler design,
easier assembly and simpler tooling.
! Bonded joints can allow for the assembly of dissimilar
materials.
! Bonded joints are electrically insulating and prevent
electrolytic corrosion of conductor metals.

bonded joint

Adhesives in Film Form
Redux adhesives are ready-to-use in the form of flexible films
and require only a short period of heat and pressure to form
very strong bonds.
The film form ensures an optimum and controlled weight of
adhesive containing exact proportions of resin and hardener.
Film adhesives therefore require no mixing of components; and
are clean, safe and easy to work with. In addition, they are
supplied with protective release paper and/or polythene sheet
on either side.
During the heating cycle the film liquefies and flows enough to
wet the adherend surfaces, displaces any entrapped air (hence
the need for pressure), and then cures to an infusible solid.
Film adhesives are particularly useful for bonding large areas
and especially useful in the fabrication of sandwich panels,
particularly those incorporating honeycomb core material.
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REDUX BONDING TECHNOLOGY

DESIGNING FOR BONDING
Designing a bonded joint
Bonding with Redux film adhesives requires pretreatment of the
substrates and a heating cycle. Consideration must therefore
be given to whether the materials can withstand these
processes.
Bonded joints may be subjected to a range of stresses
including tensile, compressive, shear or peel and often a
combination of these.

Adhesives perform best in shear, compression and tension.
They behave relatively poorly under peel and cleavage loading.
A bonded joint therefore needs to be designed so that the
loading stresses will be directed along the lines of the
adhesive’s greatest strengths.
To indicate the performance of Redux adhesives, Hexcel
supplies a range of data sheets which demonstrate how a
particular adhesive performs under a range of standard tests
such as shear and peel strengths. Details of joint testing are
explained in Appendix 3.
For example, the standard test method for shear uses a
simple lap joint made from metal sheet, usually an aluminium
alloy, 1.63 mm thick with 12.5 mm overlap. The mean
breaking stress* at room temperature
(23 ! 2"C) will be in the range 15 to 50 MPa, depending on the
adhesive. At the top end of this breaking stress range, joints
made from aluminium alloy sheet of up to 1.5 mm thickness
will yield or break in the metal.

*Mean breaking stress is the breaking load per unit width divided by
length of overlap. MPa is the unit of stress in which mean breaking
stresses, or shear strengths, are quoted. See Units (page 18).
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Typical joint types
The basic types of bonded joints are shown diagrammatically.
In practical structures two or more basic types may be used in
combination - and the relative dimensions of the joints may
vary from those shown in the diagrams. In most cases the
stress distribution throughout the joint can be improved by
leaving intact the small amount of resin squeeze-out (fillet) and
tapering the overlap to remove the sharp, right-angle ends.

For optimum efficiency the amount of overlap can be calculated - See Appendix 1.
Large sheets of thin gauge material (metal or plastics) may be
stabilised by bonded stiffeners made of the same material in
similar gauge. Figure 1 shows a ‘top hat’ stiffener.
Towards the edge of the sheet, the stiffener may be cut away
(as shown) in order to reduce stress concentrations. The effect
is similar to that of the scarf joint shown above.
Multi-layer structures may be built up by adhesive bonding and
may also be bonded to other parts. In Figure 2 a multi-layer
fibre-reinforced plastics laminate is joined to its neighbour by a
multi-stepped lap joint. In Figure 3 an edge member is bonded
into a sandwich panel. On loading, the stresses will be
transferred into the panel. The honeycomb core is itself
assembled and bonded to the facing sheets with adhesives.
Fig. 1

Fig. 2

Fig. 3
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ADHESIVE SELECTION
The comprehensive range of Redux film adhesives is suitable
for a diversity of applications. The first stage of design for
bonding is the selection of the most suitable adhesive. Hexcel
publishes a selector guide with a summary of the main
properties of the standard Redux adhesive range.

Bondline thickness control

Redux film adhesives are supplied in three main generic types:

During heating under pressure the adhesive will tend to
squeeze out from a joint. Some film adhesives contain either a
lightweight fabric ‘carrier’ or microspheres which ensure an
optimum minimum bondline thickness automatically. This is
useful for bonding small areas to prevent excessive squeezeout. Strength values often are slightly reduced by the presence
of carriers and they prevent the use of the reticulation
technique on to honeycomb core (see page 14).

1. vinyl-phenolic - giving the best hostile environment
resistance properties with temperature resistance up to 70"C.

Weight

Generic type

3. bismaleimide - giving even higher temperature resistance
to above 220"C.

For good overall properties and bonding to honeycomb core,
areal weights of film adhesives in the range 150-400 g/m2
should be used. Where weight is critical lightweight film (60150 g/m2) can be adequate when close tolerance joints are
achievable.

Maximum service temperature

Type approval

The temperature at which adequate strength is maintained
varies according to adhesive type and can range from 70"C to
220"C. Most will retain their integrity down to -55"C.

Certain applications may require an adhesive to meet
specification values for selected strength properties. Redux
films are qualified to a wide range of international and specific
aerospace specifications. Further details are available on
request.

2. epoxy - giving higher strengths, toughness and
temperature resistance up to 200"C.

The ultra-high temperature resistant adhesives usually have
reduced toughness and peel strength.

Compatibility
Cure temperature
Film adhesives generally fall into ca. 120"C curing or ca. 180"C
curing categories. Choice depends on equipment availability,
energy economy, or service temperature requirements (usually
the higher the operating temperature the higher the cure
temperature).

For co-curing with prepregs (fibre reinforced matrix
composites) to form a bonded sandwich structure, or as a
‘surface finishing’ film for prepreg, both chemical and cure
cycle compatibility are essential. Compatibility with surface
pretreatment protection primers and honeycomb core jointing
foams is also necessary.
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SURFACE PREPARATION
Introduction
Whenever structural components are to be produced using
adhesive bonding, the condition of the adherend surfaces
must be considered. They are likely to be contaminated with
materials which could affect adversely the performance of the
resultant joint.
Surface pretreatment will, therefore, normally be necessary if
optimum performance is to be achieved. It will be vital if good
environmental or thermal durability is required.
Dependent on the substrate, surfaces are prepared by one of
the following pretreatment procedures (for many substrates,
this list is in increasing order of effectiveness):
1) Degrease only.
2) Degrease, abrade and remove loose particles.
3) Degrease and chemically pretreat.
Care must be taken to avoid contaminating the surfaces
during or after pretreatment. Contamination may be caused
by finger marking - or by cloths which are not perfectly clean or by contaminated abrasives - or by sub-standard
degreasing or chemical solutions.
Contamination may also be caused by other work processes
taking place in the bonding area. Particularly to be excluded
are oil vapours from machinery, spraying operations (paint,
mould release agents, etc.) and procedures involving
powdered materials.
Whatever the pretreatment procedure used, it is good practice
to bond the substrates as soon as possible after completion,
i.e. when the surfaces are most ‘active’ (surface properties are
at their best) {1}.

Degreasing Methods
For nearly all bonding applications, the removal of all traces of
oil and grease from the adherend is essential.
Remove all traces of oil and grease as follows:
(not recommended for some plastic adherends as they might
well be attacked by the degreasing solvent. Refer to Hexcel
for detailed advice.)
(a) Suspend the part in the vapour of a suitable alkaline
degreasing agent{2} in a vapour degreasing unit. The unit
may contain a compartment to enable initial washing in the
liquid solvent.

For metallic substrates, and particularly aluminium, this
vapour degreasing process can be augmented by immersion
in a warm, aqueous solution of a suitable alkaline degreasing
agent (for example, a 10-minute immersion of aluminium
sheet in an aqueous solution of Turco T 5215® at 70"C)
followed by a spray-rinse in clean water. If further chemical
pretreatment is to take place then, the substrate will not, of
necessity, have to be dried. If no further treatment is
contemplated then the adherend should be dried thoroughly preferably in a stream of warm air (ca. 40"C), e.g. in an aircirculating oven or from a domestic forced-air heater.
or Where a vapour degreasing unit is not available:
(b) Immerse successively in two tanks each containing the
same solvent {2}. The first tank acts as a wash, the second
as a rinse. (Currently, either 1,1,1-trichloroethane or
trichlorotrifluoroethane are used, but in view of the pending
legislation {2} the use of acetone, in spite of the associated
flammability problems, should be considered). When the
solvent in the wash tank becomes heavily contaminated, the
tank should be emptied, cleaned out and refilled with fresh
solvent {3}. This tank is then used for the rinse and the former
rinse tank for the wash.
Environmentally more acceptable alternatives to these
solvents are under development and include materials based
on alcohols, terpenes and water. Hexcel will, themselves, be
changing to any of these novel materials as soon as their
efficacy has been proven, and strongly recommend that other
users make a similar change at that time.
or
(c) If safety considerations permit, brush or wipe the
adherend surfaces with a clean brush or cloth soaked in clean
acetone. For fine work, washing down with solvent applied by
aerosol spray may be a more suitable alternative; this
technique also ensures that the solvent used is clean. Allow to
stand for about 5 minutes to permit complete evaporation
from the joint surfaces. Good local extraction will have to be
employed (at the same time ensuring compliance with the
requirements of any local or national environmental
regulations).
or
(d) Scrub the adherends in a solution of liquid detergent.
Wash with clean hot water and allow to dry thoroughly preferably in a stream of warm (ca. 40"C) air, e.g. in an aircirculating oven or from a domestic forced-air heater.
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SURFACE PREPARATION (continued)
Test for a clean bonding surface
The water-break test is a simple method to determine whether
the surface to be bonded is clean. It is best suited to metals. If
a few drops of distilled water applied to the adherend wet and
spread - or if, on drawing the substrate from out of an
aqueous medium, the water film does not break up into
droplets - then the surface may be assumed to be free of
contamination. Uniform wetting of the surface by water
indicates that it will probably be likewise wetted by the
adhesive.
It must be borne in mind that certain plastics, even when
clean, may not be wetted by water but will be wetted by the
adhesive. Furthermore, satisfactory wetting gives no
information as to the potential bond strength. At best, it is a
necessary - but not sufficient - requirement for the
achievement of high bond strengths.

Abrading Methods
For many substrates (but not all - see the section on
aluminium, for instance), light abrasion of the surfaces to be
bonded can allow the adhesive to key better than when a
highly polished adherend is used. Highly active surfaces,
such as those produced immediately following abrasion, tend
to have a better affinity for the adhesive.
As well as producing an active surface, abrasion
pretreatments are generally intended to remove surface
deposits, such as oxide tarnish, rust or mill scale, on metallic
substrates, particularly those which are ferrous-based, or to
remove the surface layer of ‘plastics’ to ensure elimination of
all traces of release agent etc. In this latter case, care must be
taken to avoid compacting the release agent into the surface
which is being pretreated, instead of removing it.
In all cases, the use of air- or water-borne grit-blasting is,
generally, the best method of achieving these ends; provided
every effort is made to use dry, clean compressed air and to
prevent contaminated abrading media from coming into
contact with the surface to be pretreated.
The choice of grit type (fused alumina, chill-cast iron shot or
silicon carbide) will be dependant on the substrate to be
abraded - e.g. alumina grit would not be used on mild steel
components because of the possibility of galvanic corrosion;
chill-cast iron shot would be used. Selection of grit size will
also depend on several factors: again, the metal to be
pretreated, the type of equipment being used, the pressure
and angle of blast impact and the blasting time. Grits in the
range of 125 to 315 #m {4} are suitable, but the optimum size
for the work in hand can only be determined by trials. In
general, for soft materials the optimum grit size will be
towards the finer (i.e. 125 #m) end of the range.

Note: Water-borne grit-blasting of ferrous materials
necessitates thorough drying of the adherends immediately
after pretreatment; alternatively, a rust inhibitor must be
added to the water.
When grit-blasting plastic materials pretreatment times should
be kept to a minimum to avoid surface melting.
If grit-blasting equipment is not available or the substrate
(either metallic or plastic) is too delicate to withstand such
pretreatment, then clean the surfaces to be bonded with a
suitable abrasive cloth (e.g. Scotchbrite®), a hand- or poweroperated wire brush or water-proof abrasive paper (the
average particle size abrasive bonded to the paper should,
again, be in the range of 125 to 315#m).
When using such techniques, operating under wet conditions
(i.e. in the presence of water) can assist in the removal of
contaminant and keeps dust generation to a minimum. If wet
techniques are used, then the substrate should be thoroughly
dried immediately after pretreatment.
Any abrasion pretreatment carried out must be followed by a
further operation to ensure complete removal of loose and
loosely-bound particles (from both the abrasion medium and
substrate). For example:
(a) Lightly brush with a clean soft brush, or - preferably
(b) Blow clean with an uncontaminated, dry (filtered)
compressed-air blast.
The substrate should finally be degreased.

Chemical Pretreatments
The surface pretreatments described above, i.e. degreasing
alone or degreasing followed by abrasion and removal of the
loose particles is sufficient to ensure, for several substrate
types, that good, strong bonds will be formed with the
adhesive being used. However, for many adherends, to
obtain maximum strength, reproducibility and long-term
durability, a chemical pretreatment will be required to modify
the surface, or surface chemistry, in such a way as to make it
suitable for structural adhesive bonding.
For metallic adherends most of these pretreatments either
involve acid etching or an acid etch followed by an acidic
anodizing process. [SEE NOTE ON PAGE 13 FOR DISPOSAL
OF WASTE]
Surface modification of plastic materials is, nowadays,
frequently carried out by exposing the surface to be bonded
to a controlled flame, plasma or corona discharge.
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Specific Pretreatments For Specific Adherends
The following pretreatments are relatively well established but
on certain occasions a different procedure (not given here)
may prove more effective. (The BSI revision of
CP 3012 : 1972 is a useful source of information)

Metallic Substrates
Individual alloys within each metal group (and the particular
surface structures caused by different heat treatments) may
respond differently to a given pretreatment. The effectiveness
of one pretreatment over another can be shown only by
comparative trials - using both the type of metal and the
adhesive specified for the work.
In virtually all cases where chemical pretreatment has been
used, the water-break test can be used to confirm the
effectiveness of the process.

Painted Metals
Any paint, which has relatively low adhesion to metal, should
first be stripped off and the metal surface so exposed should
then be subjected to a suitable pretreatment.

Chromic/Sulphuric Acid Pickling [CSA]
A suitable pickling solution of sodium dichromate in sulphuric
acid, can be made up as follows:
Water
1.500 litres
Concentrated Sulphuric Acid [Sg: 1.83]
0.750 litres
Sodium Dichromate [Na2Cr2O7.2H2O]
0.375 kg
(or Chromium Trioxide [CrO3]
0.250 kg)
Water
make up to 5.0 litres
Warning: Handle concentrated sulphuric acid with care using
all the recommended personal protection equipment;
always add to water.
Chromium trioxide is a powerful oxidising agent and is highly
toxic; particular care is essential when handling this
chemical. It, or the chromate, should be dissolved in diluted
sulphuric acid.
Regulate the pickling bath at 60 - 65"C and then immerse the
substrate to be pretreated, for 30 minutes. At the end of this
time remove and immerse in a tank of water at ambient
temperature. Follow this with a spray-rinse with cold water.
The pretreated components can then be air-dried, preferably
in an air-circulating oven whose air temperature is no greater
than 45"C.
Bonding should take place within 8 hours {1}.
Chromic Acid Anodizing [CAA]

Aluminium and Aluminium Alloys
Aluminium Honeycomb
Unless there are obvious signs of contamination, aluminium
honeycomb does not require pretreatment prior to bonding.
Should, however, any oil or grease contamination be evident,
then the affected slice should be immersed in the vapour of a
suitable hydrocarbon solvent {2} in a vapour degreasing unit.
After immersion, always allow sufficient time for the
honeycomb core to drain dry. This is particularly important as
liquid solvent held in the corners of the honeycomb cell can
be very difficult to detect and must be removed before
bonding.
Aluminium Sheet
Due to the relatively high ductility of aluminium, it is not
recommended that such adherends are pretreated by any of
the abrasion methods. Far better is a vapour and/or alkaline
degrease followed by an acid etch (pickling) {5} or by a
suitable anodizing process {6}. A controlled film of active,
aluminium oxide, highly suitable for structural bonding, is
grown on the surface of the aluminium; its thickness being
dependent on the chemical process and the alloy used.
Bonding should then take place within 2 - 8 hours of
pretreatment {1}.

A thicker, more “robust” oxide film can be grown if chromic
acid anodising is used. Here, the pickled aluminium
substrates (under certain circumstances it may be sufficient to
use only an alkaline degrease before anodizing) are clamped
to the anode of a standard anodizing bath and are immersed
in a solution of chromic acid, at 40"C, of the following
composition:
Chromium Trioxide [CrO3]
Water

0.500 kg
10.0 litres

The anodizing voltage is raised, over a 10-minute period, to
40 V, held for 20 minutes, raised over a 5-minute period, to 50
V and held for 5 minutes. At the end of this cycle the
components are removed and immersed in a tank of water at
ambient temperature. This is followed by a spray-rinse with
cold water. The anodized components can then be air-dried,
preferably in an air-circulating oven whose air temperature is
no greater than 45"C.
Bonding of the unsealed components should take place
within 4 - 6 hours {1}.
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SURFACE PREPARATION (continued)
Phosphoric Acid Anodizing [PAA]

Copper and Nickel

To obtain a more open oxide film but thinner than that
produced by chromic acid anodizing, aluminium adherends
can be anodized in phosphoric acid; the anodic oxide
contains ‘bound’ phosphate which will impart some degree of
durability to the final adhesive joint.
Here, the pickled aluminium substrates (under certain
circumstances it may be sufficient to use only an alkaline
degrease prior to anodizing) are clamped to the anode of a
standard anodizing bath and are immersed in a solution of
phosphoric acid, at 25"C, of the following composition:

Degrease as above and then either abrade or etch at 23! 2"C
in the relevant solution of concentrated nitric acid:

“Syrupy” Orthophosphoric Acid [Sg: 1.65]
Water

1.0 litres
16.6 litres

(Concentration of phosphoric acid is 75 g/l)

Material

Copper and
Copper Alloys

Nickel and
Nickel Alloys

Etch Solution

Concentrated nitric
acid [Sg: 1.42] and
water in the ratio of
1 : 3 [by volume].

Undiluted
concentrated
nitric acid
[Sg: 1.42]

Immersion Time

30 seconds

5 seconds

Warning: Concentrated nitric acid is highly corrosive and a
powerful oxidising agent; particular care is needed when
handling.
After treatment, spray-rinse with clean, cold water followed by
clean, hot water. Dry in a stream of hot air.

The anodizing voltage is raised to 10 - 15V (preferably 15V)
and is held for 20 - 25 minutes. At the end of this time the
adherends are removed and immersed in a bath of water at
ambient temperature. This is followed by a spray-rinse with
cold water. The anodized adherends can then be air-dried,
preferably in an air-circulating oven where the air temperature
is no greater than 45"C.

Optimum bond strength can then be obtained if the
pretreated surfaces are primed with a solution of Araldite®
DZ 81; this primer, however, requires drying, followed by
curing at 175"C for 1 hour.

Bonding of the unsealed components should take place
within 2 - 4 hours {1}.

Cupronickel Alloys

Sulphuric acid anodizing techniques can be used to pretreat
aluminium and its alloys but significantly lower adhesive
strengths and durability will result when compared with CSA,
CAA or PAA pretreatments. This situation can be relieved by
dipping the anodised components in a solution of phosphoric
acid to dissolve away some of the anodic oxide layer to reveal
a more open structure more amenable to adhesive bonding.

Pre-Anodized Aluminium
Decorative (sealed), anodized aluminium or aluminium alloys
are, as such, not suitable for adhesive bonding; these types
of substrate require stripping prior to use. Stripping is
sometimes accomplished by abrasive blasting but this sort of
treatment is not really to be recommended. The anodic oxide
film is best removed by immersion in the chromic/sulphuric
acid solution given above.
Once the sealed oxide layer has been removed, one of the
conventional pretreatments for aluminium can be used.

Trials are recommended to establish the optimum solution
concentration and immersion time (as in Copper and Nickel
above) for each particular alloy.

Steel - Mild
Degrease as above and then, wherever possible, abrade
using a grit-blaster loaded with chill-cast iron shot.
A chemical etching pretreatment can be used instead but all
evidence appears to indicate that this is not the optimum
pretreatment. To carry out such a treatment, immerse the
adherends for 10 minutes at 60"C, in a solution of the
following composition:
Industrial Methylated Spirits
Orthophosphoric Acid [Sg: ca. 1.7]

2.0 litres
1.0 litre

At the end of this time, remove the components from the
solution and then, under clean, cold, running water, brush off
any black deposit with a clean, stiff-bristle, nylon brush.
Absorb residual water by wiping with a clean cloth soaked
with clean industrial methylated spirits or iso-propanol. Heat,
in an air-circulating oven, for 1 hour at 120"C.
Several proprietary phosphating systems are also available for
the pretreatment of mild steel. Again, the evidence appears to
indicate that grit-blasting is the optimum form of treatment for
adhesive bonding.
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Steel - Stainless

Titanium and Titanium Alloys

Note: It is strongly recommended that, before attempting to
bond stainless steel components, Hexcel is consulted. This is
to establish the trials which should take place to determine
the optimum method and conditions needed to obtain the
best bond strengths with the particular stainless steel being
used. Such trials will also take into account end usage;
particularly the durability requirements.

Degrease as above and then either abrade, ideally by gritblasting, or etch and then anodize in chromic acid as follows:

Stainless steel (i.e. corrosion-resisting steel having a
chromium content !9% m/m) is well known to be difficult to
bond, especially where long-term environmental
resistance is concerned.
The correct pretreatment, therefore, is vital and, amongst
other considerations, will be dependant on the minimum
specified tensile strength of the substrate as well as the
projected end use of the bonded component.
Several pretreatments are recommended by the British
Standards Institute 1992 revision of CP 3012: 1972. In
essence, these methods cover solvent and/or alkaline
degreasing followed by surface abrasion or by the use of a
chemical etchant. Grit blasting, using chill-cast iron shot,
glass or alumina, is the ideal abrasion technique and
etchants based on sulphuric, hydrochloric of phosphoric acid
are recommended; etching conditions are 5 - 30 minutes at
room temperatures of up to 65"C.
In many cases, the chemically pretreated substrates will
require desmutting after etching and washing. This can be
accomplished by immersion in the standard CSA pickling
solution (see above) for 5 - 20 minutes at 60 - 65"C. Once
such a bath has been used for desmutting stainless steel
the chromic/sulphuric acid cannot be used again for the
pretreatment of aluminium.
Work by Hexcel has shown that adequate bond strengths
can be obtained on fresh specimens following grit-blast,
sulphuric/oxalic acid etching or hydrochloric acid/Formalin/
hydrogen peroxide etching. The latter has been shown to
give better bath stability.

Pre-etch, at ambient temperatures, for 10 - 20 minutes in a
solution of:
Concentrated Nitric Acid [Sg: 1.42]
4.5 litres
Hydrofluoric Acid [Sg: 1.17]
0.450 litres
Water
10.0 litres
Warning: Both acids are highly corrosive and toxic.
Particular care is essential when handling these
chemicals; use all the recommended personal protection
equipment. Do not use glass equipment with hydrofluoric
acid; polythene or polypropylene containers are suitable.
Remove from the bath and then, under clean, cold, running
water, brush off any black deposit with a clean, stiff-bristle,
nylon brush.
Clamp the etched substrates to the anode of a standard
anodizing bath (anode : cathode ratio of ca. 3 : 1) and
immerse, at 40"C, in chromic acid of the following
composition:
Chromium Trioxide [CrO3]
Water

0.700 kg
10.0 litres

Warning: Chromium trioxide is a powerful oxidising agent and
is highly toxic; particular care is essential when handling
this chemical.
Raise the voltage to 20 V over a 5-minute period and hold
(dependent on alloy type) for 5 - 30 minutes; the titanium
should have developed a distinctive blue colouration.
Remove from the anodizing bath, spray-rinse with cold water
and air dry, preferably in an air-circulating oven whose air
temperature does not exceed 45"C.

11

REDUX BONDING TECHNOLOGY

SURFACE PREPARATION (continued)
Plastic Substrates
Tests or technical advice (from Hexcel or the substrate
supplier) may be needed as to the degreasing solvent to be
used for thermosetting or, more particularly, thermoplastic
polymeric substrates (certain plastics are attacked by certain
halocarbon or ketonic solvents).

Thermosetting Plastics
Castings, mouldings, laminates, etc., manufactured from:
Amino, diallyl phthalate, epoxy, phenolic, polyimide or
unsaturated polyester plastics.
Degrease and abrade as above.

Thermosetting Fibre-Reinforced Laminates
With wet lay-up, RTM or RIM components or laminates
prepared from prepregs, it may be possible to design the
laminating process so that one peel ply of fabric is placed on
the surface to be bonded; this peel ply becomes part of the
laminate on curing.
Just prior to bonding, the peel ply is peeled off, removing
with it some of the excess cured matrix material, which
exposes a fresh, clean surface for bonding.

The peel ply technique gives a very reproducible surface on
which to bond. However, a resin-rich layer remains on the
laminate surface which can lead to a reduction in the actual
level of bond strengths achievable.
This latter situation can be addressed by the careful use of
hand-abrasion or grit-blasting pretreatments. Although this
can lead to an improvement in bond strengths, the
techniques are highly operator-dependent. This will invariably
cause some fibre damage and occasionally (particularly
when using hand-abrasion) an uneven removal of composite
surface.

Thermoplastic Plastics
Thermoplastic polymeric substrates vary in the ease with
which they can be bonded. Significant factors are the type
and grade of polymer, the compounding ingredients and the
moulding conditions. Tests may be needed to determine
bond strength under a given set of conditions.
Many of the surface pretreatments for such plastics as:
ABS, acetals, polyamides (nylons), polycarbonates,
polyesters, poly(meth)acrylates, polyolefines,
polytetrafluoroethylene, polyethersulphones, polyurethanes,
etc. have been, traditionally, chemical in nature. Currently,
novel techniques such as flame, corona and plasma
treatments are producing pretreated surfaces capable of
supporting bonds with excellent strength properties.
For further details, refer to Hexcel.

Thermoplastic Fibre-Reinforced Laminates
Currently this type of substrate is, essentially, limited to those
produced using polyetheretherketone or polyethersulphone
matrices on carbon fibre.
Pretreatment should comprise some form of degreasing
followed either by a controlled hand-abrasion or grit-blasting
or by a corona discharge technique.
For further details, refer to Hexcel or check with the plastic
supplier, who can generally recommend a treatment for
bonding.

Plastic Foams
To obtain optimum bond strengths, the laminates should, if
possible, be dried before bonding to remove any moisture
absorbed from the atmosphere. This should be carried out,
after removal of the peel ply (if present), in an air-circulating
oven at a temperature at which no thermal damage will be
imparted to the laminate {7}.

Foams made from phenolic resins, polyurethane, PVC, etc.,
usually require no pretreatment. It suffices to ensure that the
surfaces are clean, dry and dust-free (a vacuum cleaner is
recommended).
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Non-Metallic Honeycombs
Honeycombs produced from such materials as aramid
paper, require no pretreatment unless contaminated.
However, higher bond strengths are obtained if the
honeycomb is dried for 1 hour at 120"C just before bonding.

REFERENCES
{1} If the scheduling of bonding operations on multi-part
assemblies causes delay between pretreatment and
bonding, optimum surface properties may be preserved by
priming the areas to be bonded with a suitable adhesive
primer, or pretreatment protection solution immediately after
pretreatment.
{2} The standard solvents are currently alkaline degreasing
agents - such as Turco 4215 NCLT.
WARNING: Safety precautions must be observed where
solvents are in use.

{4} FEPA Standard 42-GB-1984: Bonded Abrasive Grain
Size Standard (Fused Aluminium Oxide and Silicon Carbide).
{5} The pickling procedure outlined in the text conforms to
Method O of BSI Code of Practice CP 3012 (Method O of
DEF Standard 03-2/1) as well as to the older specification
DTD 915B. It is also approximately equivalent to the
procedure developed by the Forest Products Laboratory,
Wisconsin, USA, and which is known as the “FPL Etch”.
{6} The two usual methods of anodising aluminium and its
alloys for bonding are carried out in either chromic acid
(essentially to DEF Standard 03-24/2) or phosphoric acid
(essentially to the Boeing specification BAC 5555).
{7} Thermoset laminates should be dried in accordance
with prEN 2823.
Note Also: For local suppliers of pretreatment materials and
adhesive processing equipment, please refer to a suitable
chemical and allied trades directory.

{3} The waste solvent should be disposed of in accordance
with the manufacturer’s instructions and the local regulations.

ENVIRONMENT
ALL WASTE, EXHAUSTED OR CONTAMINATED CHEMICALS MUST BE DISPOSED OF IN ACCORDANCE WITH THE
MANUFACTURER’S INSTRUCTIONS AND NATIONAL AND LOCAL REGULATIONS.
THIS IS NORMAL, EVERYDAY PRACTICE WITHIN THE CHEMICALS INDUSTRY - HEXCEL WILL BE HAPPY TO ADVISE.
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ADHESIVE APPLICATION
All film adhesives have a ‘shelf life’ at room temperature,
varying from a few weeks to several months, which can be
extended by refrigeration.

On a large production scale this can be accomplished by first
tacking the adhesive to the honeycomb or perforated skin and
then passing over jets of hot air.

If the adhesive has been cold stored allow the whole package
to warm thoroughly to room temperature ( ideally 24 hours)
before opening. This will avoid condensation occurring and
prevent problems with processing.
The film is supplied with a release paper backing on one
surface and a polythene interleave on the other. Both must be
removed before curing.
Two methods of adhesive application are common:
1. Cut the film to size before removing the release paper
backing. Then lay the adhesive film on to the pretreated
surface to be bonded and peel off the polythene interleave.
Finally apply the other substrate to the exposed adhesive
surface.
2. Unroll the film on to a cutting surface and remove the
polythene interleave. Apply the pretreated surface of the
component to be bonded. Cut around the profile then remove
the release paper backing. Apply to the other surface to be
bonded.
The films are essentially ‘dry’ but will tack readily to most
prepared surfaces. The amount of tackiness is dependent on
the film temperature and additional heat can be applied to
increase tack if required.

Reticulation
When bonding honeycomb panels having perforated skins,
blocking of the perforations can be minimised by first
reticulating the film adhesive on to the ends of the honeycomb
cell walls or the perforated skin.

Surface finish
Additional resin at the surface of prepreg components can
improve the finish by eliminating ‘pin holes’ especially in
honeycomb cored components. Specially formulated film
adhesives can be used for this purpose and are tacked into
position against the tool or the prepreg and co-cured.
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ASSEMBLY OF THE COMPONENTS
Assembly
As the component is heated to the cure temperature the
adhesive will melt and flow. In order to produce a satisfactory
bond the components must be held together without
movement until after the adhesive has become solid and
cooled. This is accomplished in a variety of ways depending
on the type of adhesive, the type of component to be bonded
and the production rate required.
!

Hydraulic press with heated platens.

Ideal for large flat components including sandwich panels.
Good production rates are possible with multi daylight
presses. Heating is usually by electricity, steam or heated oil
and with suitable equipment, automatic cure cycles can be
programmed.
Additional tooling will enable the flat press platens to be used
for some curved or angled components.
!

Tooling fixtures

For complicated components with returns, purpose made
tooling is required and curing accomplished in an oven or an
induction heated station, pressure being applied by sprung
clamps.
!

Vacuum bag

In the absence of a press, this is a way of applying holding
pressure to flat or curved components while oven curing.
Bags may be purpose made to suit using a rubber
diaphragm. Some reduction in strength may occur due to the
sub-atmospheric pressure increasing the volume of the
unavoidable, entrapped air in the adhesive joint.
!

Autoclave

For very large or complicated, curved components requiring
higher pressures, a large autoclave can be used and may
cure several different components at the same time. The
capital cost is high and the bonding time relatively slow.
!

Riveting and weld-bonding

For large, multi-component structures it is fairly common
practice to ‘fix’ the assembly prior to bonding by the judicious
placing of either rivets or spot-welds through the bondline to
give dimensional stability to the unbonded structure
(Figure 4).

Fig. 4 Combination joints
(a) weld-bonding construction
(b) toggle lap-joint made with both rivets and adhesive.
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ADHESIVE CURING
Adhesive curing

The rate should then be lowered or the heating cycle ‘dwelled’
so that even heating occurs. The ‘dwell’ allows the
temperature to stabilise across the component and will be
applied before reaching the vital point at which gelation
occurs.

The time and temperature required for curing the film
adhesive is specified in the individual Data Sheet for the
adhesive chosen. A typical cure cycle is shown.

5
temperature
pressure

160

4
3

120
80

2
Cooling

Heating
5"C/min

40

20 min

60 min

Pressure (bar)

Adhesive Temp ("C)

200

0

After curing it is advisable to maintain pressure on the
components until cooled, although if no stresses are present it
may not be necessary.
Modified cure cycles are possible after suitable trials. For
example, for high production rates of small components, it is
possible to use induction heating at a higher cure temperature
for a shorter time, as in the diagram below.

1

20 min

0

time

5

160

4

temperature
pressure

120

3

80

2

40

1

0

30
sec

60
sec

120
sec

Pressure (bar)

The ramp rate (i.e. the rate at which the bondline temperature
is allowed to rise to the required cure temperature) is usually
controlled at 1-5"C/minute; an uneven heating rate between
parts of the component can result in distortion due to
‘bonded-in’ thermal stresses.

Adhesive Temp ("C)

200

It should be noted that the temperature required is that of the
adhesive and not that of the oven or press. To determine the
adhesive temperature a thermocouple is required to be
placed in an appropriate position within the component close
to the adhesive.

0

QUALITY CONTROL
Quality control can vary from simple strength tests on bonded
joints to sophisticated non-destructive testing (NDT)
techniques.
For many applications test specimens, pretreated and cured
alongside the component, are sufficient. Standard test
methods for lap shear strength, metal/metal peel strength and
skin/core peel strength are used where appropriate and
details are included in appendix 3.

16

SAFETY
Handling Precautions

Acids, caustic soda, etc.

Redux adhesives in film form are particularly free from
handling hazards for the following reasons:

Concentrated acids, oxidising agents (e.g. chromium trioxide,
dichromates) and caustic soda are highly corrosive chemicals.
Spillages and splashes can cause severe damage to eyes
and skin, and attack ordinary clothing. Operators must wear a
visor and protective clothing where these chemicals are in
use.

film is covered on both sides by protective release paper
and/or polythene which are not removed until final component
assembly. It should be cut to shape before removing the
protective coverings and virtually no handling of the film is
necessary
!

The film is dependent on elevated temperature for wettingout the adherend surfaces

The manufacturers’ handling precautions must be observed.

!

!

volatile-free at normal room temperature

!

splash-free, leak-free, spillage-free

Important
Never pour water into acids. Always pour
the acid in a slow steady stream into the water, with
continuous stirring. Bear in mind that the handling hazard is
intensified when the acid is hot.

However, the usual precautions when handling synthetic
resins should be observed, and, in compliance with various
national and international health and safety legislation, Hexcel
has prepared Safety Data Sheets for each product. They are
available on request.
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APPENDIX 1 OPTIMUM JOINT DESIGN
Simple lap joints: Determination of dimensions
The shear strength of a simple lap joint (Fig. 1) depends on
the nature of the metal, the adhesive, the thickness of the
metal and the area of overlap.

Optimum overlap (I) is determined by using the diagram
t
together with the formula:
# = ".
l
This formula is derived from The known design requirements represented in Fig. 3.
P = load per unit width of joint
t = sheet thickness (t = thickness of thinner sheet in
joints made of sheets of different thickness)

l

t

t

Fig. 1 Simple lap shear joint

l = overlap; t = metal thickness

Given the loading required and the metal and adhesive to be
used, it is possible to predict:
1. Optimum overlap on metals of given thickness.

These establish:
" = mean tensile stress in the metal = P
t
and by definition:
# = mean shear stress in the joint = P
l
t
Substituting for P gives: # = ".
l

P

2. Optimum metal thickness for a given overlap.

Unit width

This overlap and thickness may be rapidly determined from a
diagram based on results from one test programme.
The tests - to determine mean shear strengths of joints of
various overlaps (l) and metal thickness (t) - must be sufficient
to plot a curve of shear strength against t/l.
Such a curve is shown in Fig. 2

MEAN FAILURE STRESS (MN/m2)

60
50

P

"

#

Fig. 3 Conventional signs for stresses in a lap joint
P = Load per unit width
" = Mean tensile stress in metal
# = Mean shear stress in joint

Optimum overlap (l) is determined as follows:
40

t

1. Calculate " from P and t.

t

30

2. Starting from 0, mark on the diagram (e.g. Fig. 4)
t
the straight line whose slope ( # /
) is given by ".
l
3. Where the straight line cuts the curve, read off the value
for # .

l

20
10

t/l
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

Fig. 2 Correlation diagram between shear strength and t/l of
simple lap joints
The diagram relates the dimensions of the joint, the shear stress in the
adhesive and the tensile stress in the metal.

Any particular point on an established t/l curve, such as the
one given above, represents the state of stress in a particular
joint and shows the relationship between the dimensions of the
joint (x-axis), the mean stress in the adhesive (y-axis) and the
mean tensile stress in the metal (the slope of a straight line
drawn from the origin to the point in question).
Note: This relationship only holds true for experimental joints made with
the same adhesive and metal and under the same bonding conditions
as were used to establish the ‘master’ curve. In Figure 2, lap-shear joints
were prepared using Araldite AT1 adhesive and BS 1470-H30
aluminium adherends.

4. Having determined " and #, and knowing t, substitute
these values in:
t
# = ".
l
and calculate optimum overlap l.
Deviation from the optimum overlap reduces the efficiency of
the joint. Too small an overlap causes the joint to fail below the
required loading, whereas too large an overlap may mean an
unnecessarily large joint.
Optimum sheet thickness (t) is determined as follows:
1. Calculate t from P and l.
2. Where this value of t cuts the curve, read off the
value for t
l
3. Having determined t and knowing l, calculate
l
optimum thickness t.
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Fig. 4 Use of a correlation diagram in joint design. The curve shown relates to a typical simple lap joint.

Example using the correlation diagram to determine the optimum joint dimensions and mean failure stress
Example 1

Example 2

Example 3

Failure load required (P): 600 N per
mm width of joint, i.e. 0.6 MN/m

Failure load required (P): 350 N per
mm width of joint, i.e. 0.35 MN/m

Overlap (l): 10 mm

Sheet thickness (t): 2 mm

Overlap (l): 10 mm

Determine optimum overlap (l)

Determine optimum sheet thickness (t)

Tensile stress in metal ( " =

P
):
t

0.6 MN/m
= 300 MN/m2

= 35 MN/m2

t
which gives
l
straight line A0* on Fig. 4.

" = 300 MN/m2 =

A0 cuts the curve at point B which
determines
(i) the failure stress # = 29 MN/m2 and
t
= 0.095
l

Since t = 2 mm, l =

Failure stress in the adhesive (fixed by
load required and overlap).
0.35 MN/m

2 mm

(ii)

Sheet thickness (t): 1.2 mm

10 mm
Matching the mean shear stress in the
joint (##) to the shear strength of the
adhesive (35 MN/m2) gives point C on
the curve in Fig. 4.
The point determines

= 21 mm

0.095
Optimum overlap is therefore 21 mm.

t
=
l

1.2 mm
10 mm

= 0.12 which is vertical
line DE on Fig. 4.

DE cuts the curve at point F which
determines # = 31.5 MN/m2.
Mean failure stress is therefore
31.5 MN/m2

t
= 0.155
l

Optimum sheet thickness is therefore
0.155 x 10 mm = 1.55 mm
2 mm

Determine failure stress (##)

*To construct A0 at a slope of
300 MN/m2, draw a line from 0 through
the point on the diagram where
# = 30 MN/m2 and

t
l

= 0.1.
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APPENDIX 1 OPTIMUM JOINT DESIGN (continued)
Correlation diagrams modified to include safety
margin

the length of test-piece between the joint and the jaws of the
testing machine should be maintained at the standard 50 mm
with metal sheet 1.63 mm and thinner. With thicker gauge
metal, the joint-to-jaw length should increase in proportion to
thickness (double thickness - double length). Unless length is
increased in thick joints, there may be marked scatter in the
results, making the top end of the curve difficult to plot with
accuracy.

The curve in Figs. 2 and 4 represents mean failure stresses for
joints immediately after bonding. In practice allowance should
be made for reduction of bonding strength due to the effects
of, for example, weathering, sustained loading or high
temperatures during service. Test programmes corresponding
to real service conditions are carried out on joints made with
the actual metals. These programmes establish families of
curves, each representing failure stresses at a particular
percentage retention of initial strength. In addition, a safety
factor is applied and each curve has to be lowered by an
amount equal to t divided by the safety factor. The factored
curve relevant to the required service life may then be used as
described above.

Units
The units used in this publication belong to the rationalised
metric system known as SI (Système International d’Unités).
Within this system, the units Pa (pascal) and N/m2 (newton/
square metre) are alternatives. In Hexcel technical literature
the shear strengths of Redux-bonded joints are normally
stated in the unit MPa, but in Examples 1, 2 and 3 above, the
unit N/m2 is used, in order to make immediately apparent the
relation between the equated values.

Length of test-pieces used in test programmes to
establish correlation diagrams
When carrying out shear tests to establish correlation curves,

APPENDIX 2 FAULT FINDING HINTS

Fault
Bond fails, leaving bare surface

Cause
Surface not properly pretreated

Remedy
Check pretreatment procedures are
correct
Ensure parts are not contaminated after
pretreatment

Non removal of film’s protective covers

Remove covers before assembly

Adhesive still soft after cure cycle

Adhesive not properly cured

Check recommended cure temperature
of the adhesive is achieved throughout
the curing cycle

Voids in bondline and thick bondline

Bonding pressure too low

Increase pressure

No follow-up pressure

Check there is a constant application of
pressure as adhesive flows

Initial poor fit of parts

Check for distortion or mismatch before
assembly with adhesive

Incorrect jigging

Check for correct assembly of the
component

Wedge-shaped or tapered bondline
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APPENDIX 3 TEST METHODS

Lap Shear Test

Fig. 1 Panel prior to bonding
(Cut into 25mm strips after bonding)

Lap shear strength (N/mm2)

=

Load (N)
312.5

Fig. 2 Joint Dimensions
(All dimensions are in millimetres)
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APPENDIX 3 TEST METHODS (continued)
Sandwich Peel Test

Fig. 1 Specimen Configuration

Fig. 2 Climbing drum apparatus

Fig. 3 Typical trace of climbing drum peel test
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Metal/Metal Peel Test

Fig. 1 Panel prior to bonding
(Cut into 25mm strips after bonding)

Fig. 2 Peel test apparatus
(All dimensions in mm)

Fig. 3 Typical trace of metal/metal peel test
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In addition to manufacturing Redux film adhesives, Hexcel has developed a whole range of structural composite materials:-

!

Strafil®, Vicotex® and Fibredux® prepregs

!

Aluminium and Aramid honeycombs

!

Hexlite® and Fibrelam® honeycomb sandwich panels

!

Injectex® fabrics and resins for Resin Transfer Moulding

!

Polyspeed® Laminates

!

Modipur® Polyurethanes

!

Fabrics, multiaxials and braids in Carbon, Glass, Aramid and hybrids

The information contained herein is believed to be the best available at the time of printing but is given without acceptance of liability, whether
expressed or implied, for loss or damage attributable to reliance thereon. Users should make their own assessment of the technology’s suitability for their
own conditions of use and, before making any commitment with regard to the information given, should check that it has not been superseded.
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Important
All information is believed to be accurate but is given without acceptance of liability. Users should make their own
assessment of the suitability of any product for the purposes required. All sales are made subject to our standard
terms of sale which include limitations on liability and other important terms.

For More Information
Hexcel is a leading worldwide supplier of composite materials to aerospace and other demanding industries. Our
comprehensive product range includes:
! Carbon Fibre

! Structural Film Adhesives

!"RTM Materials

! Honeycomb Sandwich Panels

! Honeycomb Cores

! Special Process Honeycombs

! Continuous Fibre Reinforced Thermoplastics
! Carbon, glass, aramid and hybrid prepregs
! Reinforcement Fabrics
For US quotes, orders and product information call toll-free 1-800-688-7734
For other worldwide sales office telephone numbers and a full address list please go to:
http://www.hexcel.com/contact/salesoffices

Appendix J
Detailed Testing Procedures
1. Work Surface Indent Testing
2. Static Load Testing
3. Quasi-static Testing
4. Dynamic Impact Testing

Work Surface Indent Test Document
TEST EQUIPMENT
1. 3”x3” sandwich structure specimen.
2. Instron tensile test machine capable of 1000 lbf load.
3. 0.222” radius aluminum Janka ball indenter.
4. Data acquisition system (DAQ) w/ LabView.
5. Digital camera.
SAFETY PROCEDURES
1. Wear safety glasses when tensile test machine is on.
2. Keep fingers clear of clamps and other pinch points.
TEST PROCEDURES
1. Turn on the Instron main panel and open LabView for collecting load and
displacement data.
2. Open the hydraulic valve at the wall.
3. Turn on the hydraulic power on the Instron main panel.
4. Insert the indenter into the top clamp of the machine.
5. Calibrate the Instron load cell once the indenter is installed.
6. Set the load-voltage and displacement-voltage relationships on the Instron and
change the values in LabView to match.
7. Verify that the load from the output of the Instron correlates to the signal received
in LabView.
8. Configure the Instron to a position based ramp-waveform with a 0.010 inch travel
and 0.002in/s feed rate.
9. Place the test piece on a flat plate on the bottom Instron head.
10. Lower the indenter to the surface of the test piece and record the vertical location
displayed by the position monitor of the Instron. This will be used as the reference
for depth indexing.
11. Turn on the actuator of the Instron.
12. Press Run on the Labview software.
13. Press Run to load the work surface.
14. When the Instron is finished, press Stop on Labview.
15. Use the main panel controls to back out the indenter.
16. Inspect the specimen surface for damage and record if a dent can be seen or felt.
Photograph if any dent occurs.
17. Move the indenter back to the reference depth.
18. Change the waveform to the next higher increment and repeat steps 12-17.
Increments are from 0.010 inches to 0.100 inches.
19. Remove test piece and perform a final inspection of increment indent test.
20. Save the data file.

21. Shift the test piece to an unaffected location for a complete penetration test.
22. Change the waveform to a 0.222 inch travel.
23. Begin collecting data in Labview.
24. Load the surface in one run to full depth penetration.
25. Stop collecting data and save the file.
26. Remove the load and the test piece from the machine.
27. Turn off power to the actuator and hydraulics and shut hydraulic valve at the wall.
DOCUMENTATION
1. Material information/ laminate structure of table being tested.
2. Load vs. deflection plots of each test. For the full penetration test record max load
and the slope of the linear portion (hardness modulus).
3. Digital photos of work surface
PASS / FAIL CRITERIA
A work surface will be considered to have failed for any of the following:
1. Work surface indent shows more than slight deformation at a load of 65 lbf.
2. The work surface hardness modulus is found to be less than 1500 lbf/in.

Static Load Test Document
TEST EQUIPMENT
1. Test fixture with appropriate mounting points to simulate rail car environment and
ability to apply specified loads in the vertical and horizontal planes.
2. Pneumatic cylinder capable of producing a maximum load of 500 lbf.
3. Load Cell rated to a minimum of 500 lbf.
4. Dial gauge indicator (minimum resolution of .001”).
5. Measuring devices, as needed, to insure proper installation of table.
6. Digital Camera.
SAFETY PRECAUTIONS
1. The pneumatic cylinder is a high pressure device and should only be charged while
the test is in progress.
2. Exercise caution when applying a load to the table and avoid pinch points.
3. When changing the position of the cylinder mounting bar have an assistant available
to set the safety pins.
TEST PROCEDURE
1. Mount table into fixture and perform pre‐test inspection of dimensions, bonded
joints and
fastener torques. Reject any that do not conform to design specifications.
2. Calibrate the load cell. (Follow load cell operations manual)
3. Mount cylinder, with attached load cell, to fixture above the calibration bar.
4. Install 5”x5” load plate on end of cylinder.
5. Charge pneumatic system to ~50 psi (assumes 3” diameter cylinder).
6. Drive cylinder against calibration bar and adjust pressure so that load cell reads at
least 350‐lbf.
7. Retract cylinder and move to desired test location.
8. Install dial indicator to measure table deflection directly under the table where the
cylinder is in neutral load position. Zero the dial indicator.
9. Record zero set reference dimensions.
10. Drive cylinder against table until it reaches 350‐lbf and hold for minimum of 5
seconds.
11. Observe and record the maximum deflection, load cell output, and condition of the
table.
12. Retract cylinder.
13. Record permanent set deflection.
14. Repeat Steps 8‐13 for cylinder mounted vertically in each position or as desired.
15. Rotate cylinder to horizontal position. Take bottom pin off and carefully rotate the
cylinder mounting bar. Install the safety lock pin.
16. Repeat steps 4‐7 with the following modifications: install the 8”x3.5” load plate,
charge pneumatic system to 71 psi, and adjust pressure so that load cell reads at

least 500 lbf.. Instead of the dial indicator, use a tape measure to determine
deflection and permanent set.
17. Repeat steps 9‐13 for cylinder mounted horizontally in center and corner positions,
or as desired, along table edge.
18. Remove rotating mounting bar and install aisle‐side mounting fixture.
19. Repeat steps 9‐13 for cylinder acting on aisle‐side table edge.
20. Discharge pneumatic system, and remove all fixtures.
DOCUMENTATION
1. Information on table being tested.
2. Dimensions of table.
3. Exact force applied as displayed by load cell.
4. Maximum deflection as measured by dial indicator.
5. Permanent deformation as measured by dial indicator.
6. Inspect structure, table and mounting hardware after each test.
PASS / FAIL CRITERIA
A table will be considered to have failed for any of the following:
1. Design is dimensioned out of specification.
2. Permanent set deflection exceeds 0.050”.
3. Any failure of structure or mounting hardware.
4. Any loss of function, or change in appearance of the table or support structure.

Quasi-Static Test Document
TEST EQUIPMENT
1. Tabletop with opposite side removed.
2. Instron tensile test machine capable of 10,000 lbf load.
3. Rounded aluminum indenter to represent human torso.
4. Steel clamp fixture for bolting to table spine.
5. Data acquisition system w/ LabView.
6. Digital camera.
SAFETY PROCEDURES
1. Wear safety glasses when tensile test machine is on.
2. Keep fingers clear of clamps and other pinch points.
TEST PROCEDURES
1. Bolt the table into the clamping fixture using bolts installed through holes drilled in
the table spine.
2. Turn on the Instron main panel and open LabView for collecting load and
displacement data.
3. Open the hydraulic valve at the wall.
4. Turn on the hydraulic power on the Instron main panel.
5. Insert the indenter into the top clamp of the machine and make sure the indenter is
level. Use extra washers at fixture mounts to adjust.
6. Insert the table with clamping fixture into the bottom head of the Instron machine
and make sure the table is well aligned.
7. Calibrate the Instron load cell once the indenter is installed.
8. Set the load-voltage and displacement-voltage relationships on the Instron and
change the values in LabView to match.
9. Verify that the load from the output of the Instron correlates to the signal received
in LabView.
10. Configure the Instron to a position based ramp-waveform with a 4.0 inch travel and
0.010in/s feed rate.
11. Lower the upper indenter to the edge of the table.
12. Turn on the actuator of the Instron.
13. Press Run on the Labview software.
14. Press Run to quasi-statically crush the table.
15. Take pictures during the crushing.
16. When the Instron is finished, press Stop on Labview.
17. Use the main panel controls to back out the indenter.
18. Save the data file.
19. Remove the indenter and table from the machine.
20. Turn off power to the actuator and hydraulics and shut hydraulic valve at the wall.

DOCUMENTATION
1. Material information/ laminate structure of table being tested.
2. Load vs. deflection plot.
3. Numerical integration of the load-deflection data to compute the total energy
absorbed.
4. Digital photos of table being crushed.
PASS / FAIL CRITERIA
The table will be considered to have failed for the following:
1. Peak load needed to initiate crushing of the table is below 750lbf.

Dynamic Impact Test Document
TEST EQUIPMENT
1. Fixture with table mounts capable of raising and releasing two 171‐lbm weights
approximately 6‐ft above table edge.
2. Two 8”x14” torso representative block masses weighing 171‐lbm each.
3. Two accelerometers capable of measuring up to 80g, and associated equipment.
4. Data acquisition system capable of sampling at 10kHz or more.
5. High speed camera capable of a minimum 1000‐fps at a resolution of 640x480.
6. Two cable winches rated to a minimum lifting strength of 600‐lbf.
7. Quick‐release link with attached rope used to drop the two masses simultaneously.
8. Cables attached to the two masses.
9. 8‐ft ladder.
10. Digital still camera for records.
11. Safety glasses for all operators.
SAFETY PRECAUTIONS
The following safety procedures must be followed throughout the testing process:
1. Overhead safety bars must be installed at any period the masses are raised
2. A 4‐ft safety zone must be clearly marked around fixture.
3. During impact all operators or observers must remain a safe distance (4 ft) and
wear safety glasses.
PROCEDURE
1. Calibrate and test all accelerometers, impact masses, and high speed camera.
2. Set up high speed camera in desired location at least 4 feet away from the fixture.
3. Perform pre‐test inspection of table dimensions, bonded joints. Reject any that do
not conform to design specifications.
4. Using winch, raise masses to top of fixture and install the overhead safety bars.
5. Mount table into fixture, verify fastener torques.
6. Install the cables attached to the masses onto the quick release link.
7. Remove overhead safety bars.
8. Lower masses until all weight is held by the quick release link.
9. Adjust the two masses so they are at the same height.
10. Disconnect winch
11. Begin data recording on accelerometers, and high speed camera.
12. All operators must retreat to safe distance.
13. Release test masses via quick release link activated by rope, from a safe distance.
14. Stop recording on all instrumentation.
15. Record all data including table tested, accelerometer output, and high speed camera
capture, digital still camera images of table final condition.
16. Connect winch to masses and .

17. Install overhead safety bars.
18. Remove table and any debris.
19. Repeat steps 3‐17 for additional tables as needed.

DOCUMENTATION
1. Information on table being tested.
2. Dimensions of table.
3. Acceleration data.
4. Force, velocity, displacement, and energy outputs calculated from Matlab script file.
5. Plot of all quantities vs. time, as well as a force vs. displacement plot.
6. High speed camera capture.
7. Inspect structure, table, and mounting hardware following impact.
PASS / FAIL CRITERIA
A table will be considered to have failed for any of the following:
1.
2.
3.
4.
5.
6.
7.

Design is dimensioned out of specification.
Impact energy lower than specified.
Table attachments to floor or wall experience significant permanent deformation.
Table detaches from mounts or excessive production of debris.
Average force in excess of 2200‐lbf.
Deceleration in excess of 30g over 3ms.
Otherwise failed in a manner likely to cause injury.

Appendix K
Dynamic Test Post-Process Matlab Script

% Matlab SCRIPT to Process New Dynamic Testing Data
% Present tested only for new Cal Poly CEM prototype tested May 13, 2010

%Data is filtered using 1st order 11 point
%Savitzky-Golay Averaging Filter
clear
close all
%BEFORE runing the script
% ASCII file to loadis SCRIPT
% Take the *.txt data file edit off column headings and rename to input
load
load
load
load

Mass1.txt
Mass2.txt
StrainPedestal.txt
StrainBackplate.txt

% This gets the size of the file
es1=size(Mass1,1);
es2=size(Mass2,1);
es3=size(StrainPedestal,1);
es4=size(StrainBackplate,1);
% load accelerations,strains, and time into arrays
accel1=Mass1(:,2);
accel2=Mass2(:,2);
strain1=StrainPedestal(:,2);
strain2=StrainBackplate(:,2);
time=Mass1(:,1);
%convert acceleration from volts to g's
accel1=(accel1-5.13)*-20.09;
accel2=(accel2-5.32)*-21.24;
%convert pedestal strain into pedestal reaction force
RF1=0.290*strain1;
%convert backplate strain into reaction force
RF2=1.905*strain2;

%Filter the data same as SP students did
Accel_M1_F = sgolayfilt(accel1,1,11);
Accel_M2_F = sgolayfilt(accel2,1,11);
RF_1 = sgolayfilt(RF1,1,11);
RF_2 = sgolayfilt(RF2,1,11);

ef=size(Accel_M1_F);

% plot entire event
plot(time,Accel_M1_F,'-b',time,Accel_M2_F,'-r','LineWidth',1.3)
set(gca,'FontSize',13);
xlabel('time');
ylabel('accel, G');
pause

% looking at a smaller time slice
%1st Mass Impact 3.1145 to 3.2104
%2nd Mass Impact 3.1191 to 3.2426
% data analysis start/stop time
time1 = 3.10
time2 = 3.3
% typical delta time per data file for each row
% read this from data txt file
dt=9.765625e-5
% round to integer variable for looping
% start row
ns=fix(time1/dt)
%end row
ne=fix(time2/dt)
% number of rows to loop over
nr = ne-ns
%store just the time slice we want
for i=1:nr
j=ns+i;
a1(i)=Accel_M1_F(j);
a2(i)=Accel_M2_F(j);
timenew(i)=time(j);
end

plot(timenew,a1,'-b',timenew,a2,'-r','LineWidth',1.3)

set(gca,'FontSize',13);
xlabel('time, sec');
ylabel('accel, G');
pause
% Drop Weight lbs

W1=171.8
%Mass 1 Weight%
M1=W1/386.4 %Mass 1 mass%
W2=170.0
%Mass 2 Weight%
M2=W2/386.4 %Mass 2 mass%
%drop height, h (in)
h1=50
h2=50
%vit=impact velocity theory (in/sec)
vit1=(2*386.4*h1)^.5
vit2=(2*386.4*h2)^.5
%initial velocity from the sensors for mass 1 and 2
vi1=16.270*12
vi2=16.026*12
% used theoretical velocity value for each mass
% initialize velocity and disp
d1(1)=0
v1(1)=vit1
d2(1)=0
v2(1)=vit2
%initial kinetic energy
KE1(1)=.5*M1*v1(1)^2
KE2(1)=.5*M2*v2(1)^2
% Integrate Accel to get velocity and energy
% need a 386.4 to get in/sec2
% do I need a negative v=vi-a*dt??
for i=1:nr-1
% this may not be quite right... do I start form the beginning or just
% start when it hits as this is when it has the accel
% this will give errant v
% need to fix this????
v1(i+1)=v1(i)-(a1(i+1)+a1(i))*386.4*(timenew(i+1)-timenew(i))/2;
KE1(i+1)=.5*M1*v1(i+1)^2;
v2(i+1)=v2(i)-(a2(i+1)+a2(i))*386.4*(timenew(i+1)-timenew(i))/2;
KE2(i+1)=.5*M2*v2(i+1)^2;
end

plot(timenew,v1,'-b',timenew,v2,'-r','LineWidth',1.3)
set(gca,'FontSize',13);
xlabel('time');
ylabel('Vel');
pause

plot(timenew,KE1,'-b',timenew,KE2,'-r','LineWidth',1.3)
set(gca,'FontSize',13);
xlabel('time');
ylabel('KE');
pause
% also compute force from effectively F=ma

% integrate velocity to get disp
for i=1:nr-1
d1(i+1)=d1(i)+((v1(i+1)+v1(i)))*(timenew(i+1)-timenew(i))/2;
%F(i+1)=(W-w)*(a1(i+1)+a1(i))/2;
F1(i+1)=(W1)*(a1(i+1)+a1(i))/2+W1;
d2(i+1)=d2(i)+((v2(i+1)+v2(i)))*(timenew(i+1)-timenew(i))/2;
%F(i+1)=(W-w)*(a1(i+1)+a1(i))/2;
F2(i+1)=(W2)*(a2(i+1)+a2(i))/2+W2;
% which F=Ma, M... still have to ponder, mass effects of table
end
% this will give total disp need to subtract off disp only get after it
% hits...

plot(d1,F1,'-b','LineWidth',1.3)
set(gca,'FontSize',13);
xlabel('disp1');
ylabel('Force1');
pause
plot(d2,F2,'-b','LineWidth',1.3)
set(gca,'FontSize',13);
xlabel('dis2p');
ylabel('Force2');
pause
%Force vs Time
plot(timenew,F1,'-b',timenew,F2,'-r','LineWidth',1.3)
set(gca,'FontSize',13);
xlabel('time');
ylabel('Force');
pause
%Now itegrate F vs d to get Work WRK
WRK1(1)=0.0

WRK2(1)=0.0
for i=1:nr-1
WRK1(i+1)=WRK1(i)+(F1(i+1)+F1(i))*(d1(i+1)-d1(i))/2;
WRK2(i+1)=WRK2(i)+(F2(i+1)+F2(i))*(d2(i+1)-d2(i))/2;
end
plot(timenew,WRK1,'-b',timenew,WRK2,'-r','LineWidth',1.3)
set(gca,'FontSize',13);
xlabel('time');
ylabel('Work');
pause
%plot reaction force at pedestal
for i=1:nr
j=ns+i;
Reaction1(i)=RF_1(j);
end
plot(timenew,Reaction1,'-b','LineWidth',1.3)
set(gca,'FontSize',13);
xlabel('time');
ylabel('Reaction Force Pedestal');
pause
%Plot Reaction Force From Spine
for i=1:nr
j=ns+i;
Reaction2(i)=RF_2(j);
end
plot(timenew,Reaction2,'-b','LineWidth',1.3)
set(gca,'FontSize',13);
xlabel('time');
ylabel('Reaction Force Spine (lb)');
pause
%Input Pedestal Geometry
do=1.75
thick=.120
Length=27.678
di=do-2*thick
I=pi*(do^4-di^4)/64

%Calculate Stress at the Base of the Pedestal
for i=1:nr-1
STRSS1(i+1)=(Reaction1(i+1))*Length*do/(2*I);
end

plot(timenew,STRSS1,'-b','LineWidth',1.3)
set(gca,'FontSize',13);
xlabel('time');
ylabel('Stress at Pedestal Base (psi)');
pause
%Calculate Moment at Backplate
for i=1:nr-1
Moment(i+1)=(Reaction2(i+1))*26.813;
end
plot(timenew,Moment,'-b','LineWidth',1.3)
set(gca,'FontSize',13);
xlabel('time');
ylabel('Moment at Spine Base (lb-in)');

%Calculate Stress at the Base of Spine
for i=1:nr-1
STRSS2(i+1)=(Moment(i+1))/1.297;
end
plot(timenew,STRSS2,'-b','LineWidth',1.3)
set(gca,'FontSize',13);
xlabel('time');
ylabel('Stress at Spine Base (psi)');
pause
%Create results matrix%%%%
%Transpose all vector formats to columns%
timenew=timenew';
a1=a1';
a2=a2';
v1=v1';
v2=v2';
d1=d1';
d2=d2';
KE1=KE1';
KE2=KE2';
F1=F1';
F2=F2';
WRK1=WRK1';
WRK2=WRK2';
Reaction1=Reaction1';
Reaction2=Reaction2';
STRSS1=STRSS1';
Moment=Moment';
STRSS2=STRSS2'

%Create array%
RES(:,1)=timenew;
RES(:,3)=a1;
RES(:,4)=v1;
RES(:,5)=d1;
RES(:,6)=KE1;
RES(:,7)=F1;
RES(:,8)=WRK1;
RES(:,10)=a2;
RES(:,11)=v2;
RES(:,12)=d2;
RES(:,13)=KE2;
RES(:,14)=F2;
RES(:,15)=WRK2;
RES(:,17)=Reaction1;
RES(:,18)=Reaction2;
RES(:,19)=STRSS1;
RES(:,20)=Moment;
RES(:,21)=STRSS2;
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Core Layup Design and Testing
Build Fiber Glass Test Specimens
Test for Fiber Glass Properties
Test Honeycomb for Crush Properites
Develop FEM of Table Core Layup
Build Core/Layup Samples
Work Surface Testing
Conclusions and Choice of Core Structure
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Thu 10/8/09
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Fri 11/27/09
Thu 10/8/09
Thu 10/15/09
Tue 12/1/09
Fri 12/18/09
Wed 12/23/09

Tue 1/5/10
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Edge Design/Testing
Revisit Edge Design/Research

21 days?
21 days?

Thu 10/15/09
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111 days?
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4 days
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Thu 3/4/10
Tue 5/4/10
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Fri 5/14/10
Fri 5/21/10
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Thu 6/3/10

Prototype Table Build and Test
Build Metal Hardware for Four Tables
Build Table Top for Static Table
Integrate and Assemble
Prepare Static Test Fixture
Static Test One Table
Compare to Old Tables/Models
Perpare Table for Quasi-Static Testing
Quasi Static Test
Quasi-static Analysis/Conclusions
Resurrect the 428 Dynamic Test Rig
Dynamic Test Ultimate Table
Dynamic Post-Process
Bonding Research/Testing
Build Two More Table Tops/Assemble
Dynamic Test Our Table/Utlimates
Ship One Table to MGA
Write Report/Make Poster
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Build Fiber Glass Test Specimens
Build simple fiberglass tensile test coupons from the E-glass cloth and S-glass uni in the vinylester resin with ATH added. These will be resin infused in the composites lab. Grip tabs will consist of
extra layers of fiber.
Test for Fiber Glass Properties
Test fiberglass cloth and s-glass uni with vinylester resin for accurate properties (E1,E2,nu12,etc). Include ATH compound in the resin to make sure our properties will be accurate as used on a
production table. Thes values will be used in the new FE model.
Test Honeycomb for Crush Properites
Test our new 1/4-5052-.003-6.0pcf honeycomb core for side crush properties (crush strength, modulus, in W and L directions). This data will be used in FE models to make sure our crushable
foam elements are behaving properly and accurately.
Develop FEM of Table Core Layup
This will be a new FEM for modeling the work surface indent/impact and edge stiffness buckling/crushing load for a table with interrupted facesheet bonding. The model will be used in comparison
with the worksurface testing and quasi-static testing, as well as the Matlab models for indent and edge stiffness. This model will use properties for glass, core, and tedlar determined from the
earlier tests. Model could be a 3-D element core of crushable "foam" solid elements with shells on top and bottom to simulate layups and Tedlar. We will start with a linear version for backfitting to
indent, and then include non-linear, large deformation for buckling and full quasi-static simulation. The model will need partitions for creating interrupted bonding boundary conditions.
Build Core/Layup Samples
Use Tedlar facing on these coupons. These core layups will use our new honeycomb with several different layup options as determined by our FEA models and past analysis done over summer.
Work Surface Testing
Use developed work surface spec to test specimen under indent and impact loading.
Conclusions and Choice of Core Structure
Conclusions from anaylsis and testing of core structure. Choose a facesheet layup that meets indent spec while offering adequate edge stiffness characteristics. Structure should buckle around
700-1000lbs of edge load. Needs to withstand static horizontal loading of 500lbs!
Revisit Edge Design/Research
Brandon to work on developing and edge design to help soften intial contact, drive skins to delaminate, provide durable edge for static loading/passenger environment, and look good. It should
also have a channel for skins and a round lip on the inside where contact skins to prevent spills.
Build Metal Hardware for Four Tables
These include all the metal components like pedestal, spine, wall mount, etc. Also make sure we have all the correct fasteners.
Build Table Top for Static Table
This includes cutting the cores, infusing the facesheets.
Integrate and Assemble
Includes bonding the core to spine and facesheets to table. Adhere edging.
Prepare Static Test Fixture
Increase stiffness by adding tubes. Mostly for horizontal deflection.
Static Test One Table
Get the 428 static fixture back together and working with all hydraulics. Perform static test as last 428 group did.
Compare to Old Tables/Models
Compare the deflection results to the tables tested in the last senior project and compare to the static FEM. Make sure we meet all requirements.
Quasi Static Test
Cut table in half from static loading test, perpare and quasi-static test in Instron.
Quasi-static Analysis/Conclusions
Input data in quasi-static test log from summer. Compare to those tests, develop conclusions.
Resurrect the 428 Dynamic Test Rig
Get the 428 rig operating and collecting accurate, repeatable data. Do we need velocity data? We might just need acceleration vs time. Redo the release mechanism to make it more reliable.
Dynamic Test Ultimate Table
We will test two of our tables and the left over 20in Ultimate table.
Dynamic Post-Process
Use our Matlab code to analyze dynamic data. Input into dynamic log spreadsheet from summer. Compare acceleration, force, energy values, curve shapes, etc.
Ship One Table to MGA
Prepare and ship our last table to MGA in Michigan.

Page 7

